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1.  INTRODUCTION 


1.1  Objective 

The  objective  of  this  program  was  to  determine  the  phase 
equilibria  in  the  systems  Tl-As-S  *md  Tl-As-Se  and  a  portion  of  the 
quaternary  system  Tl-As-S-Se  so  as  to  optimize  crystal  growth  of 
compounds  in  these  systems,  nctably  TljAsSj,  Tl^AsSe^,  and  Tl^AsS^ , 

These  compounds  form  promising  nonlinear  optical  and  acous to -optical 
crysta'  ».  Optical  techniques  were  to  be  used  to  evaluate  crystal 
quality  and  th*-  optical  properties  of  any  new  compounds  encountered 
were  to  be  investigated  to  detersdne  their  potential  as  useful  optical 
materials. 

1.2  Background  Information 

Increasing  interest  is  being  shown  in  nonlinear  optical 
materials  for  harmonic  generation  and  up-conversion  applications  in 
the  Infrared  region  of  the  spectrum.  Sulfide-type  materials  are  of 
special  interest  because  they  have  a  wide  range  of  transparency  and 
might  be  expected  to  transmit  in  the  10  pm  region  where  oxides  are 
usually  opaque  and  where  high  power  gas  lasers  operate.  Only  a  few 
such  materials,  notably  prouetite  (Ag^AsS^)  and  pyrargyrite  (Ag^SbS^) 
were  available  in  good  optical  quality  prior  to  the  start  of  the  present 


program. 


These  two  aster ials  suffer  fro*  residual  absorption  at  10. 6  pa, 
which  causes  deleterious  heating  effects  when  the  high  power  densities 
at  10.6  pa  necessary  for  efficient  frequency  conversion  are  used. 

Cinnabar  (HgS)  has  suitably  high  nonlinear  optical  coefficients  and  a 
wide  region  of  transparency  (0.6  co  13  pa),  but  is  very  difficult  to 
gt-y*  with  good  optical  quality.  Telluriua  (Te>  and  seJenlua  (Se)  have 
been  reported  as  nonlinear  optical  aaterlals  useful  at  10.6  pa,  but 
they  also  have  poor  optical  quality.  In  addition,'  telluriua  has  been 
reported  to  exhibit  an  induced  loss  in  SHG  efficiency  at  10.6  pa  due 
to  photo induced  carriers. 

Sul  fide- type  as ter la Is  are  also  of  interest  for  acousto-optic 

applications.  The  technique  of  light  deflection  by  acoustically 

generated  gratings  in  solids  or  liquids  is  now  well  established,  and 

aan>  aicrowave  and  radio-frequency  signal-processing  devices  have  been 

constructed  based  on  the  acousto-optic  interaction.  The  detection 

efficiency  of  a  aaterlal,  or  aaount  of  light  deflected  fr«.  .he  Incident 

beaa  for  a  given  aaount  of  acoustic  power  in  the  aaterlal  la  proportional 

6  2  3 

to  the  so-called  "accusto-optic  figure  of  aerit,"  •  n  p  /pv  ,  where 
n  is  the  refractive  index  of  the  aaterlal  at  the  wavelength  of  the 
incident  light,  p  is  the  photoelastic  coefficient  (which  is  roughly 
constant  but  nay  increase  in  regions  of  strong  dispersion),  p  is  the 
density,  snd  v  the  acoustic  velocity  in  the  aaterlal. 

It  is  evident  that  high  refractive  indices  snd  low  acoustic 
velocities  are  requirements  for  wterials  with  large  acousto-optic 


figures  of  merit.  Both  are  general  properties  of  sulf  ide-type 
materials,  additional  requirements  on  the  usefulness  of  a  given 
material  are  that  it  be  optically  transparent  at  the  wavelength  of 
light  to  be  used  in  the  application,  and  that  it  exhibit  reasonably 
low  acoustic  loss  at  the  acoustic  frequencies  to  be  used. 

Prior  to  the  incept*''*  of  this  contract  the  Uestinghouse 
Research  Laboratories  had  been  actively  searching  for  new  sulfide- type 
materials  for  use  as  nonlinear  and  acousto-optic  materials.  Our 
experience  in  the  area  of  nonlinear  chalcogenldes  was  derived  from 
a  thorough  study*'  of  the  phase  relations  and  crystal  growth  of  proustite 
and  pyrargyrite.  As  a  result  of  this  survey,  we  had  synthesized 
several  Tl-bearing  chalcogenldes  that  seemed  promising  for  both  nonlinear 
and  acousto-optic  applications  Of  particular  interest  were  the 
compounds  Tl^AsS^,  Tl^AsSe^,  and  Tl^AsS^.  These  are  close  crystal - 

and  Af3SbS3  in  that  all  belong  to  the 
sulfosalt  class  of  chalcogenldes. 

Sulfosalts  can  be  defined  as  having  the  general  formula 

ABC 
map 

where  A  represents  a  metal,  usuclly  Ag,  Cu,  Hg,  Pb,  Tl,  or  Zn;  B 
represents  As,  Bi,  or  Sb;  and  C  renraaente  s,  Se,  or  Te.  The  B  and  C 
atoms  in  the  general  sulfosalt  formula  A^B^C^  are  almost  always  closely 
associated  In  the  crystal  structures,  forming  finite  groups,  rings, 
chains,  or  nets  of  BC3  trigonal  pyramids  or  BC^  tetrahedra  (with  or 


chemical  relatives  of  AgjAmS^ 
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2 

without  additional  C  ions).  Nowacki  classified  all  known  suifosalt 
minerals  according  to  which  of  these  structural  units  is  present. 
Perhaps  a  more  convenient  (but  related)  classification  is  by  4  number, 
where 

c  Number  of  C  atoms 
*  c  Number  of  B  atoms 

Fot  Tl3AsSe3,  4  «  3;  for  Tl,AsS4,  4  -  4,  etc.  The  4  number  of  a 
particular  suifosalt  compound  provides  important  information  as  to  its 
crystal  structure.  For  example,  compounds  with  4-3  typically  contain 
isolated  BC3  tetrahedra  as  part  of  their  structural  makeup.  Similarly, 
a  crystal  structure  analysis  will  undoubtedly  show  this  to  be  the 
case  for  Tl^AsS^  and  Tl^AsSe^  as  well. 

We  had  obtained  sufficient  preliminary  date  on  the  melting 
relations  of  Tl3AsSe3  and  TljAsS^  to  show  that  both  malted  congruentiy, 
and  crystals  were  grown  us inf  the  techniques  applied  previous ,y  to 
Ag}AsS y  It  wee  lamed  lately  evident  that  both  were  useful  optical 
materials. 

Tl3AsSe3  had  several  advantages.  It  had  the  expected  wide 
transmission  range  (1.5  to  15  urn)  end,  moreover,  had  decreased 
absorption  loss  relative  to  pr'Aistlte  and  pyrargyrite.  The  refractive 
indices  were  high,  indicating  e  high  figure  of  merit  for  nonlinear 
applications,  and  the  birefringence  was  such  as  to  allow  phase  matching 
for  second -harmonic  generation  at  10.6  pm.  It  appeared  that,  in 
addition  to  second-harmonic  generation,  Tl3AsSe3  would  also  be  useful 
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as  a  parametric  oscillator  pumped  at  wavelengths  from  1.25  to  beyond 
10  pa,  and  especially  useful  as  a  aaterial  for  a  2  pa  puapod  oscillator 
operating  with  outputs  In  the  3  to  5  pa  region. 

Both  TljAsSe^  and  Tl^AaS^  were  shovn  to  be  useful  acousto-optic 
crystals.  The  acousto-optic  figure  of  aerit  was  measured,  by  direct 
comparison,  for  Tl^AsSe^  at  X  »  3.39  pa,  relative  to  fused  silica  at 
X  ■  0.6328  pa.  The  relative  figure  of  merit  was  measured  as  955.  This 
figure  of  ae.it  is  about  twice  as  large  as  the  figure  of  aerit  for 
geraanlua,  the  aaterial  presently  being  used  in  acousto-optic  devices 
in  the  infrared  region  of  the  cpectrum.  Likewise,  measurements  of 
the  figure  of  merit  for  Tl^AsS^  gave  exceptionally  high  values  at 
C  6328  pm,  higher  than  any  other  known  material. 

It  was  also  evident,  Vowever,  that  the  crystal  growth  of 
these  new  materials  would  be  difficult  to  optimise  without  a  thorough 
knowledge  of  the  melting  relations  in  the  applicable  chemical  systems. 
Only  meager  information  was  available  for  the  ternary  systems;  in 
fact,  many  uncertainties  and  inconsistencies  exlaced  in  the  reported 
phase  relations  for  the  basic  binary  sy steam  Tl-S  and  Tl-Se. 

Our  initial  crystal  growth  efforts  showed  that  the  ideal 
chemical  compositions  were  not  the  ideal  growth  compositions  —  the 
crystals  almost  invariably  contained  second-phase  inclusions  and/or 
cracked  excessively.  The  progrrs  to  study  the  phase  diagrams  for  the 
systems  Tl-As-S  and  Tl-Aa-Se  was  und or taken  to  understand  and  optimize 
the  crystal  growth  of  these  Tl-containing  sulfoeelts. 


1.3  Genaral  Approach 

The  approach  adopted  In  the  present  prog ran  was  as  follows. 
Approximately  two  thirds  of  the  study  was  devoted  to  determining  the 
melting  relations  of  the  important  ternary  compounds  in  the  Ti-As-S 
and  Tl-As-Se  chemical  system*.  Particular  attention  was  devoted  to 
the  detailed  melting  relations  around  the  compounds  Tl^AsS^,  H^AaSe^, 
and  TljAsS^ .  These  phase  relations  were  determined  both  by  quenchii* 
experiments  and  by  thermal  heating  and  cooling  curves.  The  data  from 
the  phase  diagram  study  were  then  used  to  understand  and  optimise  the 
crystal  growth  of  the  useful  ternary  compounds.  Techniques  for  the 
passive  and  active  evaluation  of  crystal  quality  were  developed  and 
applied  to  the  optical-quality  determination  of  the  newly-grown  crystals. 
Significant  improvement  in  crystal  quality  was  demonstrated  and  the 
improved  crystals  were  measured  to  deremime  their  device  properties. 


1 .4  Sumari 


As  a  resul  t  of  this  program,  we  now  have  available  extensive 
knowledge  of  melting  relations  in  the  systems  Tl-As-S  and  Tl-As-Se. 
Optimised  growth  compositions  were  determined  for  Tl^AsSe^  sod  Tl^AaS^ 
and  crystals  of  Improved  optical  quality  were  grown.  Optical  measure¬ 
ments  were  performed  that  demonstrate  the  device  potential  of  tnese 


compounds.  Crystals  of  Tl^AaS^  i.’  T1,*V".»,  vers  obtained  showing 
considerable  improvement  over  eerly  g c  .a  efforts;  we  were  not. 


however,  able  to  obtain  high  quality  rystals  of  Tl^AsS^.  This  is 


explained  on  the  basis  of  the  determined  phase  diagrams.  In  the  broader 
sense,  data  obtained  in  this  study  provide  insight  into  the  phase 
chemistry  and  crystal  chemistry  of  this  type  of  compound  in  general, 
information  that  should  prove  valuable  in  devising  methods  of  approach 
leading  to  a  thorough  unnersta*'  .  •»  other  potentially  useful 

l 

chemical  systems. 


2.  TECHNIQUES  OF  PHASE  DIAGRAM 
STUDY  AMD  CRYSTAL  GBOVTH 


2.1  Techniques  of  Phase  Plater—  Study 

Two  techniques  hsve  been  used  for  phsse  diagram  study: 

(I )  quench-type  or  silica-tube  experiments  and  (2)  thermal  analysis 
experiments.  Both  types  of  experiments  are  conducted  in  sealed, 
initially-evacuated,  silica  glass  containers,  which  are  well-suited 
for  reactions  among  sulfide-type  compounds  because  they  are  inert  and 
because  they  constitute  sealed  containers  for  the  volatile  components 
such  as  sulfur  and  selenium. 

Spectrographically  analysed  Tl,  As,  S,  and  Se  (each 
>  99.999  wt  Z  purity)  were  used  directly  as  reactants  for  both  quench 
and  thermal  analysis  ex'  'timents.  The  oxide  coating  that  forms  on 
Tl  and  As  was  removed  by  boiling  the  Tl  in  water  and  beating  the  As 
fragments  in  the  reducing  portion  of  a  Bunsec-burner  flame. 

2.1.1  Quench  Experiments 

For  quench-type  experiments,  reactant  materials  (typically 
110  mg  total  weight)  were  carefully  weighed  in  desired  proportions, 
sealed  in  the  containers,  bested  for  lengths  of  time  necessary  to 
obtain  equilibrium  phase  assemblages,  and  than  chilled  to  room  tempera¬ 
ture.  Phases  were  identified  using  standard  microscope  and  x-ray 
techniques . 
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Sc-ae  degree  of  experience  is  necessary  to  identify  the 
stable  phase  assemblages  at  the  heating  temperatures  by  examination 
of  the  quenched  products.  For  example,  the  presence  of  liquid  in  .m 
experiment  was  indicated  by  the  globular  appearance  of  the  charge 
after  heating  and  by  textur?  relations  in  polished  specimens .  Liquids 
generally  crystallized  during  the  quench  to  polyphase  mattes  in  which 
the  individual  phases  (often  displaying  dendritic  habit)  could  only 
be  identified  using  high-magnif icat^on  microscope  lenses.  Yhe  rate 
of  quench-crystalllzation  of  liquids  to  such  Intergrowths  decreases 


toward  the  As-S  or  As-Se  side  of  both  systems  and,  in  the  As^S^-rich 
cr  ASjSe^-rich  portions,  liquids  could  be  chilled  as  glasses. 

Many  of  the  data  presented  below  wire  obtained  from  melting 
point  experiments.  In  a  typical  melting  point  determination,  a  portion 
of  presynthesized  compound  (e.g.,  Tl^AsSe^)  or  a  mixture  of  compounds 
(e.jr.,  TljSe+Tl^AsSe^)  was  heated  at  successively  higher  temperatures 
until  melting  occurred.  The  run  was  maintained  above  the  melting 
point  for  up  to  8  hours  then  quenched  and  tha  charge  examined  to 
determine  the  stable  phase  assemblage  at  the  final  annealing  temperature. 

2.1.2  Thermal  Analysis  Experiments 


The  experimental  system  used  for  obtaining  cooling  curves 
consists  of  a  Marshall  furnace  mounted  vertically,  a  temperature 
control  system,  and  a  LAN  A2A*  strip  chart  recorder  which  produces  a 
direct  plot  of  sample  temoerature  as  a  function  of  time  (the  cooling 
curve).  The  recorder  is  calibrated  to  record  tha  desired  temperature 
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interval  by  means  of  a  LAN  K-3  potentiometer .  The  recorder  is  normally 
set  to  record  over  a  temperature  interval  of  about  100*C.  A  calibrate- 
record  selector  switch  permits  rapid  recalibration  to  the  next  desired 
temperature  interval  so  that  data  may  be  recorded  over  as  wide  a 
temperature  range  as  desired.  The  furnace  control  system  is  equipped 
with  a  motor  drive,  so  that  the  cooling  rate  may  be  controlled. 

However,  tu-s  temperatures  Involved  in  these  systems  are  sufficiently 
low  that  satisfactory  cooling  rates  are  obtained  by  simply  turning  off 
the  heavily  insulated  furnace  and  letting  it  cool  at  its  natural  rate. 

The  quartz  sample  containers  include  a  thermocouple  well 
which  permits  the  chromel-alumel  thermocouple  bead  to  be  positioned  so 
that  it  is  surrounded  by  the  sample,  but  Isolated  from  it.  The  furnace 
and  sample  arrangement  is  shown  in  Fig.  1. 

A  typical  run  proceeds  ss  follows.  The  sample  tubes  are 
first  cleaned  by  lightly  etching  with  diluted  (SO- SO)  hydrofluoric 
ecid.  After  thorough  rinsing,  the  tubes  are  baked  et  800*C.  The 
inside  surfaces  of  the  tubes  are  then  coated  with  carbon  by  the  pyrolysis 
of  acetone.  These  preparatory  operations  sra  carried  out  on  the  sample 
tubes  in  order  to  prevent  tube  cracking  during  the  melting  ami  freezing 
reactions  which  the  samples  undergo  during  the  thermal  cycle.  This 
tube  cracking  problem  did  not  arise  in  the  case  of  the  selenium 
compositions,  but  uncoated  tubes  used  with  the  sulfur  compositions 
frequently  cracked  when  the  charges  crystallized .  Since  the  adoption 
of  the  csrbcn  costing  procedure,  however,  tube  cracking  has  caasad  to 
be  a  problem. 
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Figure  1  —  Furnace  arrangea ant  for  thereel  analysis. 


The  required  anounts  of  99.W9+X  pure  el^neots  (froa  ASABCO^ 
are  weighed  and  loaded  into  the  sauple  tubes,  which  are  then  evacuated 
and  seeled  off.  The  saapie  tube  is  placed  horizontally  in  a  (.old 
split  furnace  and  the  temperature  raised  over  a  period  of  several 
hours  to  7 50-800 *C.  The  saapie  Is  shaker  several  tines,  and  soaked 
at  the  high  teaperature  overnight  to  insure  hoaogeoisstioa.  The  furnace 
power  is  then  cut  and  the  saapie  allowed  to  cool  in  the  furnace. 
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A  chromel-alueel  thermocouple  is  positioned  is  the  therrocouple 
veil,  and  the  leads  passed  along  the  saaple  tube  and  tied  to  the  ampoule 
with  nichrooe  wire.  The  stsple  is  placed  in  the  furnace  as  shown  in 
Fig.  1,  with  the  thermocouple  leads  passing  through  a  groove  in  the 
upper  plug  and  out  the  top  of  the  furnace.  The  thermocouple  cold 
junction  is  placed  in  an  ice  bath. 

The  sample  is  then  heated  to  a  temperature  at  least  50  *C 
above  the  estimated  liquidus  temperature,  then  allowed  to  cool  while 
recording  sample  temperature  as  a  function  of  time  (the  cooling  curve). 

The  sample  may  be  reheated  and  cooled  several  times  In  order 
to  verify  the  location  (tessera cure)  amd  shape  of  thermal  arrests. 

Saaple  temperature  is  record ad  continuously  es  a  function  of  time 
so  that  heating  as  veil  as  cooling  data  are  obtained. 

2.2  Crystal  Growth  Techniques 

0*ir  experience  lias  shown  that  the  essential  features  of  a 
crystal-growth  technique  f^r  congruent ly-mel ting  sulfosalt  materials 
are:  (1)  carefully  prepared  reactant  material  that  precisely  matches 
the  congruently-melting  composition  of  the  desired  crystal,  (2)  a  alow 
growth  rate  (10  to  20  am/day),  and  (3)  a  steep  (S  to  15*C/sm)  tempera¬ 
ture  gradient  at  the  solid-liquid  interface  in  the  rrystal  growing 
furnace.  Growth  facilities  were  optimised  to  provide  the  necessary 
steep  temperature  profiles  and  slow  growth  rates. 

Reactant  material  for  crystal  growth  la  prepared  directly 
from  “he  de-ox id i red  high -purity  elements  Tl,  As,  S,  and  Sa.  These 


20 


are  weighed  in  desired  proportions  and  sealed  under  vacuus  in  a  quartz 
aspoule.  Typically,  a  reactant  charge  weighs  SO  grass.  The  eleaental 
aixture  is  heated  at  a  lov  temperature  (200  to  400*C)  to  react  the 


cost  volatile  coaponent  (S  or  Se)  with  the  metallic  elesents  —  a 
reaction  step  that  is  taken  to  minimize  the  vapor  pressure  in  the  tubes 
at  elevated  tempera tures.  The  cnarge  is  then  he.  *•;’  to  700  to  80G*C; 
ti.e  liquid  is  nixed  by  vigorously  shaking  the  quartz  container  several 
times,  and  the  liquid  is  allowed  to  crystallize  slowly  by  shutting  off 
power  co  die  furnace.  After  opening  the  tube,  the  crystalline  reactant 
is  stored  at  room  temperature  in  a  vacuum  desiccator. 

For  crystal  growth,  portions  of  the  prepared  reactant  are 
sealed  under  about  0.8  atm  pressure  of  pure  argon  into  quartz  "crystal- 
growing"  tubes  which  contain  a  necked- in  portion  near  the  bottom  of 
the  tube.  The  neck  in  the  tub*  serves  exactly  the  same  purpose  as  a 
need  is  a  Czochralski  crystal  —  to  initiate  single-crystal  growth 
from  a  pciycrystalline  boule.  The  argon  pressure  in  the  tubes 
suppresses  the  presence  of  vapor  during  a  growth  run. 

Figure  2  shows  the  quartz-tub*  furnaces  used  for  crystal 
growth.  Each  furnace  consists  of  two  basted  zones  separately  controlled 
by  variacs:  an  upper  high- temperature  zone  and  a  lower  low- temperature 
zone.  The  temperature  gradient  at  the  solid-liquid  interface  can  be 
varied  by  adjusting  the  voltages  to  th*  two  windings.  As  the  crystal- 
growth  tubes  containing  melt  drop  slowly  through  th*  furnace,  the  melts 
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crystallize  when  the  teaperature  reaches  that  of  the  solidification 
(melting)  point.  The  grown  crystal  is  allowed  to  anneal  at  the 
temperature  of  the  lower  furnace  (usually  set  at  about  half  the  melting 
teaperature)  and  then  «.  >led  to  room  teaperature  over  two  to  three  days. 


\ 
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3.  C  [IMPOSITION  AND  CRYSTAL  DATA  FOR  COMPOUNDS 
I*  THE  SYSTEMS  Tl-As-Se  AND  Tl-As-S 

3.1  Composition  of  Ternary  Cora pounds 

The  compositions  of  known  compounds  In  the  systems  Tl-As-S 
and  Tl-As-Se  can  best  be  described  In  terms  of  the  three-component 
diagram  for  each  system  (Figs.  3  and  4).  On  each  diagram  are  plotted 
the  compositions  of  the  known  binary  compounds  and  the  compositions  of 
the  ternary  compounds  known  from  this  study.  The  following  points  are 
germane  to  this  discussion: 

3-5 

•  There  are  several  binary  Tl-S  and  Tl-Se  phases  whose  exact 
compositions  and  phase  relations  are  not  precisely  defined. 
Except  for  Tl^S  and  Tl^Se,  they  do  not  appear  to  be  involved 
in  the  liquldus  relations  of  the  important  ternary  compounds 
(this  point  is  further  discussed  in  the  description  of  the 
ternary  phase  relations).  No  further  data  vere  derived  from 
the  present  study  to  clarify  the  binary  phase  diagrams. 

•  The  ternary  compounds  lie  on  composition  joins  from  T^S  to 
As2S^  and  As^,  and  from  T^Se  to  As2Se.j  and  As2Se^.  This 
feature  is  characteristic  of  many  related  systems  such  as 
Ag-As-S  in  which  such  joins  are  often  pseudobinary. 


Three  additional  ternary  phases  were  studied  which  are  not 
shown  on  Figs.  3  and  4.  These  are  the  phases  Tl^As^g  and  Tl^As^S^ 


previously  reported  in  the  literature  (and  which  we  could  not  verify), 
and  a  previously  unrecognized  phase  (Phase  A)  which  we  believe  to  be 
aetastable.  These  phases  are  discussed  in  the  following  section, 
Crystallographic  Data. 

3.2  Crystallographic  Data 

Samples  of  the  ternary  cob pounds  have  been  exaained  by  x-ray 
powder  diffraction  methods  and  saall  single  crystals  of  Tl^AsSe^  and 
Tl^AsS^  have  been  studied  in  detail  with  a  Buerger  precession  earner a. 

The  latter  technique  provides  a  relatively  rapid  means  of  determining 
crystal  syametry  (diffraction  aspect)  and  call  dimensions.  The  available 
crystallographic  data  are  described  in  the  following  sections. 

3.2.1  Tl3AsSe3 

The  single  crystal  study  of  this  material  indicates  that  it 
belongs  to  Laue  Class  32/m.  The  diffraction  aspect  is  R**  so  that  the 
crystal  system  is  hexagonal  (rhoabohedral) .  Our  observations  show  that 
Tl3AsSe3  is  strongly  piezoelectric  (indicating  an  acentric  structure), 
and  the  space  group  must  be  either  R32  or  R3m.  Optical  activity  was 
not  detected,  and  crystal  class  3m  is  therefore  indicated,  i.e.,  the 
space  gryu?  is  R3m.  The  measured  cell  dimensions  are  a_  ■  9.90  A  and 
£  *  7.13  A.  indexed  powder  diffraction  data  are  reported  in  Table  1. 

The  measured  density  is  7.83  grams/cc,  which  gives  a  cell  content  of 
TlyASjSej  (Dcalc  -  7.82  grams/cc). 

Tl3AsSe3  hen  rhombohedral  cleavage. 
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TABLE  1.  X-Ray  Powder  Data  for  Tl^AsSe^ 


Indexed  for  a  ■  9 

• 

.80  A,  c  »  7 

.08  A 

d§bs 

(A) 

(estlaated) 

dcalc 

(A) 

hk-l 

3.63 

0.3 

3.64 

13.1 

3.25 

0.8 

3.23 

2 

2.93 

0.2 

2.93 

33.0 

2.83 

0.4 

2.80 

05.1 

2.72 

1.0 

2.73 

31.2 

2.45 

0.1 

2.44 

25.0 

2.38 

0.4 

2.38 

00.3 

2.36 

0.3 

2.36 

43.1 

1.96 

0.1 

1.95 

61.2 

Pattern  Halted  to  d  >  1.82  A. 

3.2.2  Tl3AsS3 

The  x-ray  powder  data  for  Tl^AeS^  show  sufficient  slailarity 

to  those  for  Tl^AsSe^  reported  in  Table  1  so  as  to  Indicate  that  the 

two  are  isostructural.  The  cell  diaensions,  although  not  precisely 

aeasured,  are  slightly  less  than  those  for  TijAsSe^,  **  i*  to  be 

-2  -2 

expected  froe  the  relative  ionic  sixes  of  S  and  Se  .  Ve  have  not, 
however,  been  able  to  obtain  e  small  perfect  crystal  for  single-crystal 
investigation;  every  crystal  we  have  investigated  has  given  streaked 
and/or  aultiple  diffraction  spots  indicating  polycrystallinity 
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or  strain.  Likewise,  Laue  photographs  of  a  grown  boule  indicated  very 
iaperfect  crystalline  quality.  We  conclude  that  the  two  coapounds  are 
probably  iaostructural  but  the  necessary  proof  froa  single-crystal 
x-ray  photographs  is  not  available. 

3.2.3  T13AsS4 

Single  crystal  x-ray  studies  of  Tl^AsS^  were  undertaken 
using  the  Buerger  camera.  Tl^AsS^  is  ortbornoabic  with  cell  dimensions 

t  t  • 

of  a  »  8.98  A,  b  *  10.8  A,  and  £  “  8.86  A.  The  systematic  absence  of 
reflections  define  the  diffraction  aspect  as  f_c_  *  n  3c  that  the  space 
group  is  either  £  c  a  n  (centric,  class  a  a  a)  or  P  c  2  n  (acentric, 
class  a  2  a) .  In  the  non-centric  space  group  P  i  2  n,  the  £  axis 
would  be  the  unique  or  polar  axis.  Tests  for  piezoelectricity  were 
negative,  and  second-harmonic  generation  at  10.6  pa  was  not  observed  in 
a  single  crystal  specimen  oriented  oc  the  phase-aatching  direction 
for  10.6  mb  radiation.  These  negative  teste  indicate  the  centric 

3 

space  group  F  £  a  n.  ihe  measured  density  is  6.20  +  0,04  grans/ ca  , 
which  gives  a  cell  content  of  ACTljAsS^). 

3.2.4  TljAeSe^ 

X-rsy  powder  diffraction  data  indicate  that  Tl^AsSe^  is 
isoatr'ctural  with  Tl^AuS^,  i.e.,  this  coa pound  baa  a  centric  orthorhoaic 
crystal  structure.  Unfortunately,  large  single  crystals  of  this 
material  were  obtained  late  in  the  prograa,  end  no  single-crystal  x-ray 
precession  photographs  ore  taken.  Study  of  this  aateriai  will  be 
continued  during  the  coalng  year. 


3.2.5  TIASS2  and  TlAsSe2 

The  cospound  TlAsS^  is  well  Known  as  the  moooclinic  mineral 
lorandite^.  Its  space  group  is  either  Pl/at  or  £2^/jt  and  the  cell 
p^raseters  are  a_  *  12.25,  t>  *  11.32,  c_  »  6.10  A,  8  ■“  104*  12*.  The 

compound  TlAsSe^  is  not  known  naturally;  the  x-ray  powder  data  are  quite 

similar  to  those  of  TIASS2  so  that  there  is  little  doubt  that  this  com¬ 
pound  too  is  one  of  low  syaaetry.  Several  crystal  growth  attempts 

for  TlArS^  and  TlAsSe2  (see  Sec.  5.3.5  and  5.3.6)  were  not  successful, 
and  no  further  attention  was  devcted  to  their  crystallography  since 
their  low  symmetry  would  make  them  doubtful  candidates  for  useful 
optical  applications. 

3.2.6  Phase  A  (unknown  Tl-As-S  Phase) 

A  previously  unknown  Tl-As-S  phase  was  obtained  in  melts  of 
composition  Tl^AsS^  +  1  mol  Z  As2S3  crystallized  by  slowly  cooling 
the  charge  to  room  temperature.  These  melts  crystallized  to  a  mass 
of  crystals  showing  b laded  habit.  Small  crystals  were  separated  for 
microscope  examination  —  they  are  btref ringent  in  both  transmitted 
and  reflected  light  and  transait  in  the  red  portion  of  the  visible 
spectrum.  They  have  parallel  extinction  and  at  least  two  excellent 
cleavages  —  one  parallel  and  one  normal  the  length  of  the  crystals. 

The  x-ray  pattern  is  complex  and  quite  unlike  the  patterns  of  the 
other  phases  In  the  system.  Our  observations  concerning  the  composi¬ 
tion  and  stability  of  this  phase  (Phase  A)  are  turner ized  below; 


29 


Phase  A  has  only  been  identified  in  runs  containing  26  mol 


AS2S2  (TljAsS,  +  i  mol  %  AS2S2K  Runs  containing  30  and  33.3  ool 
(Tl^AsS^  +  5  and  8.3  ool  %)  showed  Tl^AsS^  as  the  primary  phase 
to  crystallize. 

We  have  never  obtained  pure  Phase  A  —  always  there  is  some 
second  phase  present. 

Phase  A  was  never  obtained  at  Tl^AsS^  composition,  either  when 
Tl^AsS^  melts  are  slowly  cooled  or  when  such  melts  were  rapidly 
chilled  in  ice  water. 

A  crystal  growth  run  prepared  with  a  reactant  containing 
26  sol  I  ^2^3  resu^te^  *n  a  polycrystalline  boule  of  Tl^AsS^. 
Phase  A  appears  to  be  unstable  at  rose  temperature  because  we 
observed  a  distinct  breakdown  texture  (Fig.  5)  forming  In  samples 


Fig.  5  —  Breakdown  texture  (Xi<X))  in  previously' 
homogeneous  Phase  A  after  storing  at 
room  temperature  for  S  weeks. 


kept  at  room  temperature  for  a  few  weeks.  x-ray  powder  patteraa 
are  different  than  for  the  original  material  but  still  complex. 

6)  Portions  of  previously-synthesized  Phase  A  heated  at  24G*C, 

275*C,  and  298*C  quickly  (4  hours)  decomposed  to  Tl^AsS^. 

7)  There  was  no  evidence  for  the  existence  of  such  a  compound  in 
any  of  our  thermal  analysis  experiments. 

He  believe  that  our  observations  on  Phase  A  are  consistent 
with  a  hypothesis  that  this  compound  is  a  metastable  phase  which 
forms  only  within  .  -ry  restricted  temperature  and  compositional 
range;  its  occurrence  probably  also  depends  on  the  preparation  techni¬ 
que.  Me  testable  phases  of  this  type  are  relatively  common  i c  sulfide 
systems,  e.g.  in  the  system  Cu-Sb-S.^ 

He  separated  several  small  (sub -millimeter)  crystals  to 
determine  the  crystal  symmetry  by  single-crystal  x-ray  studies.  All 
the  fragments  examined,  however,  shoved  severe  distortion  and  crackirg, 
probably  caused  by  the  unstable  nature  of  Phase  A  at  room  temperature. 

3.2.7  T;.4As2S5  and  T^As^ 

Attempts  were  made  to  synthesize  the  compounds  Tl^As^  and 

ft 

TlgAs^S^  reported  by  Canneri  and  Fernandes  .  For  Tl^As^,  s  melt  of 
Tl^ASjSj  composition  was  prepared  by  heating  the  required  mixture  of 
elements  at  700*C  for  about  16  hours.  The  charge  was  coded  to  room 
temperature  and  examined  by  x-ray  and  microscope  polished  section  — 
the  charge  was  polyphase,  with  Tl^AsS^  being  the  prlamry  ptmse  to 


31 


7” 


*9 


'  *= 


crystallize  as  demonstrated  by  Its  dendritic  habit.  Portions  of  this 
charge  were  heated  at  successively  higher  temperatures  until  melting 
occulted.  Initial  aelting  was  observed  in  two  separate  runs  at 
228-232*  and  228-233*  which  corresponds  to  the  231  +  3*C  temperature 
we  find  for  the  eutectic  temperature  between  TlAsS^  and  Tl^AsS^  (See 
Sec.  4.2.3).  Similar  results  were  obtained  for  Tl^As^S^,  whose  reported 
composition  is  very  nearly  that  of  the  T1-AsS^-T1AsS2  eutectic 
composition. 


4.  PHASE  RELATIONS  IK  THE 

SYSTEMS  Tl-As-Se  AW)  Tl-As-S 


4.3  Data  in  the  Literature 

A  pseudobinary  phase  diagraa  for  the  systea  Tl^Se-Aa^Se^ 

9 

was  reported  by  Deabovskii,  Kirilenko,  and  Khrorostenko  .  Their 
diagraa,  reproduced  in  Fig.  6,  shove  only  two  intermediate  coapounds 


Fig.  6  —  Equilibriua  diagraa  of  the  As2S«3-Tl2Se 
systaa,  according  to  Denbovskli  at  al.^ 

TiyUSe^  and  TlAoSe2,  between  the  two  components.  Their  diagraa  is 
quite  a la liar  to  the  diagrsa  ve  report  belov  in  Sec.  4.2  except  for 
one  notable  discrepancy  —  the  compound  Tl^AeSe.  is  shovn  to  aelt 


incongruently  at  280*C  whereas  we  find  congruent  melting  at  3H*C. 

The  diagrams  are  compared  and  the  discrepancies  discussed  in  the 
next  section. 

A  previous  diagram  for  the  system  TI2S-AS2S2  reported  by 

g 

Canneri  and  Fernandes  besrs  little  resemblance  to  that  reported  here. 
According  to  their  diagraa  (Fig.  7 ) ,  there  are  four  paeudo'oinary 
phases:  Tl^AsS^,  Ti^As2Sj  (mistakenly  shown  as  T1^AS2S2>,  Tl^As^S^, 
and  T1AsS2>  Of  these,  we  find  only  Tl^AsS^  and  TLAsS^  to  be  stable 

500 

400 

300 

200 

100 

0  20  40  60  80  100 

TUS  Moi.  %  As2S3 

Fig.  7  —  System  TI2S-AS2S3  according 
to  Canneri  and  Fernandes.® 

phases  in  this  system  (see  Sec.  3.2.7).  The  pbese  diagram  by 
Canneri  and  Fernandes  is  based  solely  on  thermal  arrest  experiments; 
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ve  find  that  thermal  data  are  notably  unreliable  In  the  ASjSj-rich 
portion  of  the  TljS-As^^  astern  because  of  supercooling  and  seta- 
stability  phenomenon.  Such  problems ,  as  veil  as  the  impure  reactant 
materials  used  by  Canneri  and  Fernandes,  probably  account  for  the 
errors  in  their  diagram. 

4.2  Phase  Relations  Determined  in  this  Study 

4.2.1  Introduction 

As  noted  in  Sec.  3.1,  the  important  ternary  compound  in 
the  systems  Tl-As-Se  and  Tl-As-S  lie  on  composition  joins  such  as 
Tl^Se-As^Se^  and  Tl^S-As^Sy  *be  approach  used  in  the  phase  diagram 
study  was  to  determine  the  melting  relations  along  these  joins  using 
both  queach-type  and  thermal  analysis  experiments.  In  most  cases  the 
joins  are  pseudobinary,  or  "-.early  so,  so  that  they  can  be  treated  as 
two-component  systems,  numbering,  however,  that  phases  suck  as  the 
vapor  phase  (always  present  in  a  rigid  container)  have  compositions 
that  lie  off  the  joins. 

4.2.2  The  Join  Tl2Se-As2Se3 

This  join  (Fig.  8)  is  perhaps  the  most  important  join  la 
the  Tl-As-S-Se  system  from  a  device  standpoint  because  it  contains 
the  nonlinear  compound  Tl^AsSe^.  There  are  two  pseudobinary  compounds, 
TljAsSe^  and  TlAsSe^,  with  intermediate  pseudo binary  eutectics.  Both 
pluses  have  narrow  solubility  limits,  probably  less  than  1  mole  Z 
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Phase  relation*  along  the  jo'n 
Tl0S#-A*,Se,  according  to  this  study 


toward  Tl2Se  or  As^e^,  as  demonstrated  both  by  appearance  of  phase 
experiments  and  by  the  very  small  shifts  In  x-ray  line  positions  on 
powder  photographs.  There  is,  however,  a  surprisingly  large  solid 
solution  of  Tl2Se  toward  As^e^:  10  mole  %  or  more  at  300°C;  the  solid 
solution  limits  were  not  precisely  defined  >  ace  they  are  of  little 
importance  to  our  crystal  growth  efforts. 

Substantial  effort  was  applied  to  determining  the  exact 
melting  relations  of  Tl^AsSe^  because  these  relations  are  crucial  to 
TLjAsSe^  crystal  growth.  An  expanded  phase  diagram  for  a  portion  of 
the  Tl2Se-As2Se^  system  is  sb?vn  in  Fig.  9.  The  maximum  melting 
composition  does  not  lie  at  the  stoichiometric  Tl^AsSe^  composition, 
but  at  a  point  slightly  toward  H2Se  from  ideal,  at  24.625  mole  Z 
ASjSe^.  The  freezing  temperatures  obtained  from  the  cooling  curves 
alone  were  not  sufficient  to  locate  the  maximum  melting  composition 
this  accurately.  The  presence  or  absence  of  the  eutectic  arrests  at 
300*C  and  240*C  permitted  the  maximum  to  be  defined  more  precisely 
than  the  freezing  temperatures  taken  alone.  A  24.75  mole  Z  As^e^ 
composition  showed  only  the  lover  eutectic,  indicating  that  this 
composition  lies  to  the  As2Se^-rich  side  of  the  maximum.  A  24.5  mole  Z 
A<2Se^  composition  showed  only  the  upper  eutectic,  indicating  that 
this  composition  lies  to  the  TljSe-rich  side  of  the  maximum.  A 
24.625  mole  Z  As^e^  sample  showed  faint  arrests  corresponding  to  both 
eutectics.  Of  course,  the  maximum  melting  composition  should  Ideally 
show  neither  eutectic;  however,  slight  compositional  inhomcgeneities 
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in  the  melt  probably  account  for  the  appearance  of  both  eutectics. 

The  implications  of  Fig.  9  for  the  crystal  growth  of  Tl^AsSe^  will  be 
discussed  in  detail  in  Sec. 5.3.1;  it  is  sufficient  to  note  here,  however, 
that  there  is  a  substantial  improvement  in  crystals  grown  from  melts 
containing  24.625  mol  %  ^2^3  over  those  grown  from  a  stoichiometric 
Tl^AsSe^  melt. 

A  comparison  of  Fig.  8  with  Fig.  6  shows  that  cur  results 
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agree  with  those  of  Demborskii  et  al.  in  that  the  eutectic  temperatures 
and  the  TlAsSe2  melting  temperature  are  in  fair  agreement  for  the  two 
studies.  The  major  discrepancy  deals  with  the  melting  relations  of 
Tl^AsSe^;  according  to  Denbovskii  et  al.  Tl^AsSe^  melts  incongruently 
at  280°C  to  a  mixture  of  T^Se  (8)  and  liquid.  Our  experiments  show 
that  Tl^AsSe^  melts  congruently  at  311cC.  Several  lines  of  evidence 
in  addition  to  our  thermal  data  Indicate  this  to  be  correct; 

1}  We  cannot  detect  any  melting  when  small  portions  of  Tl^AsSe^ 
are  heated  in  sealed  tubes  ?elow  311*C.  According  to  the 
Denbovskii  et  al.  phase  diagram,  the  equilibrium  assemblage 
should  be  T^Se  +  L  between  280*C  and  0.  316*C.  The  presence 
of  liquid  should  be  clearly  visible  in  our  experiments. 

2)  Rapidly-quenched  charges  of  Tl^AaSe^  liquid  appear  to  be 

homogeneous  Tl.jAsSe3  in  polished  section  under  the  microscope. 

It  is  unlikely  that  that  equilibrium  would  be  maintained  in 
such  chilled  samples  so  that  incongruent  melting  would  be 
indicated  by  polyphase  products. 
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3)  Slowly-cooled  melts  such  as  we  use  for  crystal  growth  would 

initially  crystallize  to  T^Se  according  to  the  Dembovskii  et  al. 
diagram.  We  see  no  evidence  of  this  in  our  crystal  growth  runs. 
Large  single  crystals  of  Tl^AsSe^  would  be  an  unlikely  product 
if,  in  fact,  the  compound  melted  incongruently . 

We  thus  feel  that  all  the  evidence  supports  our  contention 
that  Tl^AsSe^  melts  congruently  rather  than  incongruently;  we  cannot, 
however,  offer  any  explanation  for  the  discrepancy. 

Long-term  annealing  experiments  conducted  to  determine 
whether  there  are  other  intermediate  phases,  besides  Tl-AsSe^  and 
TlAsSe2,  are  summarized  in  Table  2.  To  aid  the  attainment  of  equili¬ 
brium,  reactant  material  was  either  melted  prior  to  use,  or  consisted 
of  previously-synthesized  compounds  which  were  pressed  into  pellets 
to  ensure  intimate  contact  between  the  reactant  phases.  The  only 
product  phases  identified  by  x-ray  powder  diffraction  were  Tl^Se, 
Tl^AsSe^,  TIAsSej,  or  As^Se^.  We  conclude  that  there  are  no  inter¬ 
mediate  phases  in  the  system  Tl2Se-As2Sej  at  temperatures  of  150°C 
or  above. 

4.2.3  The  T^S-As.^  Join 

The  partial  phase  diagram  for  the  Tl2S-As2Se.j  system  is 
shown  in  Fig.  10.  The  eutectic  horizontal  at  231*C  was  obtained  from 
heating  curves  and  quenching.  Cooling  curve  arrests  corresponding 
to  this  eutectic  were  as  much  as  45°C  low.  No  liquidus  arrests  were 
obtained  for  compositions  containing  35  mol  L  or  more  As2S^,  due  to 


TABLE  2 


Low-Tempsrature  Annealing  Experiments 


Run  No.  Reactant 

Key  T,  °C 

Time 

Products 

TAS  73 

1 

200°C 

11  days 

Tl2Se  +  Tl3AsSe3 

TAS  88 

2 

200*C 

36  days 

Tl3AsSe3  +  TLAsSe 

TAS  89 

3 

200°C 

36  days 

TlAsSe2  +  ^s2^e3 

TAS  80 

? 

M. 

150°C 

61  days 

Tl2Se  +  Tl3AsSe3 

TAS  SI 

4 

150°C 

61  days 

Tl3AsSe3  +  TlAsSe, 

TAS  83 

5 

150°C 

61  days 

TlAsSe2  +  As2Se^ 

* 

1)  Composition  15 

2)  Pressed  pellet 

3)  Pressed  pellet 

mol  X  bSyS&y  melted  prior  to  annealing, 
of  Tl^AsSe^  +  TlAs3e2* 
of  TlAsSe2  +  As2Se3. 

4)  Composition  35  aol  Z  As2Se3;  Belted  prior  to  annealing. 

5)  Composition  70  aol  i>  As2Se^;  Belted  prior  to  annealing. 


the  formation  of  glasses  on  cooling.  We  did,  however,  do  melting-point 
experiments  on  T1AsS2  and  find  that  it  melts  congruently  at  286  +  3°C. 

Compositions  lying  on  the  Tl2S-As2S3  join  yielded  reliable 
data  with  great  reluctance.  The  compositions  tested  lying  on  the 
T12S  rich  side  of  the  eutectic  at  about  TLX  As^  did  not  define  the 
liquidus  in  this  region.  When  run  in  normal  fashion,  i.e.,  cooling 
the  melt  from  50°C  ot  more  above  the  estimated  liquidus,  compositions 
on  the  As2S3~rich  side  of  the  raa:  aum  yielded  arrests  coi responding  to 
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the  dotted  curve,  i'hese  compositions  exhibited  substantial  supercooling 
(30°C  or  more).  We  also  observed  that  the  temperature  rise  following 
nucieation  was  sluggish.  This  system  is  clearly  not  "well-behaved" 
in  a  classical  sense,  so  that  the  data  obtained  to  this  point  raised 
more  questions  than  they  answered. 

We  hypothesized  that  there  was  some  partial  structure 
remaining  in  the  liquid  at  temperatures  slightly  above  the  liquidus, 
which  is  broken  up  at  the  higher  temperatures  to  which  the  melt  is 
generally  heated.  On  subsequent  cooling  from  a  high  temperature, 
nucieation  and  growth  occur  with  difficulty.  We  then  reran  several 
samples  in  an  attempt  to  hold  the  maximum  temperature  of  the  melt 
within  about  10°C  of  the  liquidus  arrest.  The  desired  temperature 
was  estimated  from  the  heating  curve,  which  indicated  liquidus 
temperatures  considerably  higher  than  those  obtained  from  the  previous 
cooling  curves.  After  some  trial  and  error,  we  were  able  to  obtain 
cooling  curves  with  no  supercooling.  In  fact,  when  the  maximum  melt 
temperature  did  not  exceed  10’C  above  the  liquidus,  the  arrests  formed 
a  smooth  curve  without  the  sharp  break  associated  wi-'n  sudden  nucieation. 
These  experiments  yielded  the  solid  curve  on  the  As^-rich  side  of 
the  maximum. 

4.2.4  The  Tl?S-As2S^  Join 

The  composition  join  Tl^S-ASjS,  appears  pseudobinary,  at 
liquidus  temperatures,  over  the  range  0  to  35  mol  Z  As2S^.  The  diagram 
is  shown  in  Fig.  11.  The  group  of  points  in  the  neighborhood  of 
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250®C  on  the  Tl^S-rich  side  of  Tl^AsS^  corresponds  to  very  small 
thermal  arrests  obser\ed  on  cooling  curves  for  all  the  compositions 
examined  on  that  portion  of  the  join.  These  points  probably  correspond 
to  a  single  temperature,  as  it  is  not  uncommon  to  observe  some  scatter 
in  the  temperature  at  which  very  small  arrests  occur  in  systems  vhere 
the  phases  involved  exhibit  substantial  supercooling.  They  probably 
represent  ths  temperature  of  a  ternary  eutectic  lying  off  the  compo¬ 
sition  join,  but  their  origin  was  not  pursued.  Tr.c  max  iaus-ael  ting 
Ti^AsS^  composition  appears  to  lie  at  23  ooi  Z  at  least 

as  viewed  on  this  join,  the  compound  is  stoichiometric. 


tvo  eutectics  to  Tl^AsS^  can  be  appreciated  by  noting  that  the 
difference  in  sulfur  content  between  Tl^AsS^  and  Tl,AsS^  is  only 
about  3-4  wt  %. 

The  liquidus  surface  for  Tl^AsS^  is  very  broad,  as  it  was 
also  on  the  TI,,S-As2S^  join.  Repeated  examination  of  the  thermal  data 
produced  by  sto ichioaetric  Tl^AsS^  show  a  small  heating  arrest  at 
about  320°C,  indicating  that  the  true  saxisuE-aelting  composition 
lies  slightly  off  the  stoichiometric  composition,  probably  toward 
sulfur.  This  observation  is  discussed  further  with  reference  tc  the 
crystal  growth  of  Tl^AsS^. 


4.2.6  Tl^Se-As^Se^  and  TI^asSeyTl^AsSe^  Joins 

Tha  thermal  analysis  data  did  not  yield  clear  results  for 

the  phase  boundaries  in  the  region  of  TlyAsSe^.  If  there  is  indeed 

a  naxtsum  in  the  liquidus,  it  is  very  email,  with  an  eutectic  within 

one  or  two  percent  of  the  stoichiometric  composition  on  the  T^Se 

side.  Our  data  do  not  rule  out  a  peritectic  reaction,  but  if  such 

is  the  case,  the  intersection  of  the  peritectic  horizontal  with  the 

liquidus  must  occur  very  near  the  equilibrium  compound  composition, 

based  not  only  on  the  thermal  data  but  also  on  out  success  in  preparing 

good  crystalline  material  with  our  normal  crystal  growth  techniques. 

The  liouidus  is  rather  broad  from  Tl_AsSe,  toward  Ti.AsSe, . 

o  3  3  4 

However,  for  compositions  richer  In  sulfur  than  71  AsSe  Q  ,  the 

J  j  .Oj 

data  again  cannot  be  interpreted. 
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Thus,  even  chough  the  exact  phase  relationships  in  the 
immediate  vicinity  of  Ti-AsSe,  are  not  well  defined,  the  region  of 

J  M 

uncertainty  occupies  a  very  snail  coaposition  region  in  the  ternary 
system,  and  thus  the  region  of  exploration  for  crystal  growth 
experiments  is  fairly  well  defined. 


4.2.7  Ternary  Phase  Relations 

The  results  of  the  phase  diagram  work  on  the  Tl^S-As^S^, 
T^S-ASjS^  and  Il^AsS^-Tl^AsS^  joins  are  brought  together  in  Figs.  13 
and  14.  Figure  13  is  an  overview  of  the  Tl-As-S  ternary  system  which 
defines  the  three  joins  in  terms  of  the  elemental  components  and 
shows  their  mutual  relationships.  Figure  14  is  a  detailed  view  of  the 
region  of  Che  ternary  shown  in  Fig.  13  whicn  CO'.  ia£ns  Tl^AsS^  and 
TljAsS^ .  The  eutectics  observed  on  the  various  joins  are  marked  X 
in  Fig.  i4.  Isotherms  at  320*C  and  400*C  are  shown  as  dashed  curves. 
The  320°C  isotherms  intersect  the  eutectic  closest  to  Tl^AsS^  on  the 

TI ,AsS,-Tl_AsS  join. 

J  J  j  4 

Figure  14  clearly  illustrates  the  narrowness  cf  the  Ti^asS^ 
maximum  and  the  broadness  of  the  Tl^AsS^  maximum  in  relation  to  nearby 
eutectics.  These  ternary  relationships  have  a  strong  bearing  on  the 
growth  of  high  quality  single  crystals,  particularly  of  Tl^AsS^.  The 
phase  diagram  data  indicate  that  the  .maximum  melting  composition  for 
TljAsS^  is  very  close  to  stoichiometry.  yo-'ever,  the  close  proximity 
of  the  eutectics  surrounding  Tl^AsS^  will  require  the  maximum  melting 
composition  to  be  known  to  an  extreme  degree  of  precision  if  high 
quality  crystals  are  to  be  grown. 
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5.  CRYSTAL  GROWTH 


5 . 1  Introduction 

The  available  data  on  phase  relations  have  important 
implications  for  crystal  growth  of.  suifosalt  compounds.  We  have  been 
abie  to  grow  high  quality  crystals  of  Tl^AsSe^  and  Tl3AsS^,  but  only 
fair  quality  crystals  of  Tl^AsS^  and  Tl^AsSe^.  Wa  believe  the  phase 
diagram  study  explains  this  observation.  Our  study  revealed  that 
these  latter  two  compounds  are  surrounded  by  pseudobinary  eutectics 
that  are  close  in  composition  to  the  cougruently  melting  compositions. 
Thus,  crystal  growth  may  well  be  hanpered  by  "eutecti«.  interference” 
of  the  type  proposed  to  explain  growth  phenomena1  in  proustite,  Ag,AsS_. 
In  the  case  >.f  the  compounds  Tl^AsSe^  and  Il^AsS^,  although  pseudo- 
binary  eutectics  are  present,  they  ii»  at  u»re  distant  compositions 
from  the  stoichiometric  compounds  and  thus  eutectic  interference  does 
not  impede  the  growth  of  large  crystals.  Gur  methods  of  crystal- 
quality  evaluation  and  crystal  growth  efforts  for  each  compound  studied 
are  described  below. 

5.2  Crystal-Quality  Evaluation 

Of  the  crystals  examined  during  this  study,  only  Tl^AsS^ 
was  transparent  in  a  portion  of  the  visible  wavelength  spectrum.  Thus, 
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the  crystal  quality  of  Tl^AsS^  could  be  quickly  determined  by  visual 
inspection  (i.e.,  were  cracks  present?)  and  by  illuminating  the 
interior  of  the  crystal  with  a  He-Ne  laser  beam.  This  latter  technique 
was  particularly  useful  for  detecting  tiny  light-scattering  inclusions. 

The  band-edges  of  Tl^AsS^,  Tl^AsSe^,  and  Tl^AsSe^  were  in 
the  near  infrared  and  it  was  therefore  impossible  to  inspect  or  measure 
the  optical  quality  of  bulk  single  crystals  using  visible  radiation. 
Initially,  we  attempted  to  use  an  infrared  image  cjnverter  camera 
(Bofars  MARK  IRCD-1)  with  suitable  infrared  optics,  to  image  crystal 
interiors  at  a  wavelength  of  about  1.5  pro.  The  resolution  of  this 
system  was  unsatisfactory,  although  with  further  work  on  the  optics 
we  believe  it  could  be  improved  considerably. 

A  scanning  technique  for  profiling  the  optical  loss  in 

single  sulfosait  crystals  has  been  set  up,  as  shown  in  Fig.  15.  An 

infrared  laser  beam  is  incident  onto  a  Tl^AsSe^  boule  onto  which  plane 

parallel  inspection  faces  have  been  ground  and  rolished.  The  power 

transmitted  through  the  crystal  is  recorded  as  the  various  portions 

of  the  crystal  are  translated  through  the  beam,  and  the  total  optical 

loss  is  thus  characterized  as  a  function  of  crystal  position.  It  should 

be  noted  that  this  measurement  technique  gives  only  the  total  loss 

through  the  crystal.  To  account  accurately  for  reflection  losses, 

the  crystal  refractive  indices  and  it3  orientation  relative  to  the 

polarization  of  the  incident  beam  must  be  known.  In  addition,  low  angle 

scattering  losses  are  not  accounted  for,  because  the  power  meter  accept- 

-3 

ance  solid  angle  is  relatively  large,  about  2  x  10  steradians. 
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D*g.  6202A82 


Tiq  As  Se^Boule 
with  Polished 


Fig.  15  —  Schematic  diagram  of  optical  quality- 

scanning  system  for  sulfosalt  crystals. 


In  Fig.  16  is  shown  the  result  of  a  scan  of  a  4  cm  long 
Tl^AsSe^  crystal,  TASE-BR-I,  at  2.1  ym  (Ho:YAG  laser).  In  this  case, 
the  seed  end  is  of  reasonaoly  good  quali'y,  with  total  optical  trans¬ 
mission  within  5-10%  of  the  maximum  expected  when  reflection  losses 
are  taken  into  account.  Total  internal  reflection  at  a  cracked  section 
about  2.5  cm  from  the  tail  end  reduces  the  transmission  to  zero  in 
that  region;  a  very  lossy  region  also  extends  from  about  0.5  cm  r. 

2  cm  along  the  boule.  Scans  of  this  type  were  also  used  to  evaluace 
the  optical  quality  of  Tl^AsS^  and  Tl^AsSe^. 

5.3  Crystal  Growth 

5.3.1  Tl^AsSe. 

j  3 

Crystals  of  Tl^AsSe^  were  grown  at  three  compositions  to 
der ermine  the  optimum  growth  composition:  1)  stoichiometric  Tl^AsSe^, 
which  contains  25  mol  X  hsjSey  2)  a  composition  (T^Se)^  25375* ‘ 

<As2Se3) 0.24625’  and  3)  a  co“P°sitlon  (T12Se)0. 7525  (M2Se3;o. 2475* 

The  latter  two  compositions  lie  on  the  Tl2Se-As2Se^  composition  join 

but  slightly  more  T^Se-rich  than  stoichiometric  Tl^AsSe^;  composition  2) 

corresponds  to  the  maximum-melting  composition  as  determined  by  the 

phase-diagram  study.  Eight  crystal-growth  experiments  are  described 

in  Table  3. 

The  crystals  we  grew  were  examined  using  our  scanning 
technique.  With  the  total  optical  losses  approaching  only  a  few  percent, 
it  is  very  difficult  to  obtain  accurate  measurements  of  losses  and  to 
compare  effects  of  stoichiometry  and  growth  rate  on  crystal  quality 


Beam  Scan  Direction 


FJg.  16  —  Optical  transmission  at  2.1  pm  along  an  as-grown  boule  of  Tl3AsSe 


using  this  transmission  technique.  This  is,  however,  a  useful  method 
for  finding  the  best  sections  in  a  particular  boule. 

In  general,  the  results  of  Table  3  indicate  that  x  =  0.75375 
to  \*  *  0.7525  and  a  growth  rate  of  the  order  of  15  mm/day  are  opti-aum 
growth  conditions  for  high  quality  Tl^AsSe^.  This  is  dramatically 
illustrated  by  a  comparison  of  crystals  TASE-BR-3  •'nd  TASE-BR-6 
(Figs.  17  and  18).  Crystal  TASE-BR-3  was  grown  from  the  maximum¬ 
melting  composition;  it  exhibits  large  clear  regions  with  bulk  losses 
of  nearly  zero,  at  least  within  the  accuracy  of  our 


TABLE  3 


Optical  Loss  Measurements  on  Tl^AsSe^  Boules 


Boule 

No. 

Composition 

(T12Se)x(As2Se3)l-x 

Growth 
Rate 
(ram/ day) 

Length  of 
Best 

Section 

(cm) 

Optical  Loss 
in  Best 
Section 
(cm-1) 

BR-1 

(0.75375K0. 24625) 

12.2 

1.2 

0.05  0.03 

BR-2 

(0.75250)(0. 24750) 

10.5 

0.8 

0.05  *►  0.08 

BR-3 

(0.75375)(0. 24625) 

15.3 

1.6 

-v  0 

BR-4 

(0.75250) (0.24750) 

15.0 

1.0 

0.02  0.04 

8R-5 

(C.75375)(0. 24625) 

15.8 

2.2 

0.03  -  0.06 

BR-6 

(0.75000) (0.25000) 

15.0 

2.2 

0.03  -  0.06 

BR-8 

(0.75375)(0. 24625) 

15.4 

1.2 

0.02  -»  0.04 
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Optical  transmission  at  2.1  pm  along  an  as-grown 
fcoule  of  Tl^AsSe^,  Crystal  TASE-BR-3. 
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0  u rr<t  jkx>j  Seu*»  Icral 

-  Optical  transmission  at  2.1  yn  along  an  as-grovn 
boule  of  TIjAsSeT  (Crystal  TASE-BR-6) . 


np  „urement  technique.  The  transmission  of  BR-3  actually  appears  to 
exceed  the  theoretical  maximum  by  a  small  amount;  this  is  probably  due 
to  a  slow  fluctuation  in  the  probe  laser  average  power,  which  is 
continually  monitored  but  fluctuates  by  about  +2%.  The  actual  losses 
in  31-3  appear  to  be  approaching  0.01  cm  ^  or  less. 

Crystals  grown  from  stoichiometric  Tl^AsSe^  melts  (e-g., 
T/.SE-BR-6) ,  on  the  other  hand,  have  optical  transmissions  that  do  not 
attain  theoretical  maximum  values  (Fig.  18).  Often  such  crystals  have 
variable  transmission  along  the  length  of  the  crystal  and  are  also 
prone  to  have  high-absorption  bands,  probably  impurity  bands.  The 
differences  are  striking  considering  that  only  a  few  tenths  of  a 
mol  X  change  in  melt  composition  is  involved. 

5.3.2  Tl3AsS4 

Ihe  ternary  melting  relations  determined  for  Tl^AsS^  (see 

F  g.  14)  show  that  there  is  a  very  broad  iiquidus  surface  surrounding 

the  stoichiometric  composition.  Insofar  as  we  can  tell,  the  melting 

maximum  on  the  join  Tl2J-As2S3  occurs  at  the  stoichiometric  Tl^AsS^ 

composition;  because  of  tne  rather  flat  melting  maximum  on  the  join 

Tl^AsS^-S,  however,  there  Is  uncertainty  in  the  exact  maximum-melt?  ig 

composition.  For  this  reason,  we  conducted  a  eries  of  crystal  growth 

experiments  along  the  join  Tl.AsS  -S  to  determine  the  optimum  Ti-AsS, 

J  J  J  •* 

growth  composition  empirically,  i.e.,  by  growing  crystals  from  melts 
containing  different  amounts  of  S  and  comparing  the  crystals  as  to  their 
optical  quality. 


Crystals  were  grown  fror  four  compositions:  Tl^AsS^ 

Ti-AsS. ,  fl.AsS.  and  Tl-AsS,  (the  exper imental  details  are 
3  4  3  4. Cl  3  4.02j 

contained  in  Tal  .  4).  Two  problems  are  evident  —  crystal  cracking 
and  inclusions  (best  observed  as  light-scattering  centers  wnen 
crystals  are  illuminated  with  a  He-Ne  laser  bean).  In  fact,  however, 
these  two  problems  are  not  independent  —  crystals  with  a  high  inclu¬ 
sion  content  showed  a  strong  proclivity  to  fracture  on  cooling. 

The  composition  Tl^AsS^  ^  was  chosen  to  evaluate  crystal 
growth  from  melts  slightly  sulfur  2  ficient  from  the  ideal  composition. 
Tnree  separate  growth  runs  were  made  to  ensure  reasonable  statistics 
for  the  data  and  eliminate  possible  spurious  results  caused,  for 
example,  by  accidentally  misweighing  reactants.  The  results  clearly 
show  that  Tl^AsS^  ^  is  not  a  preferred  growth  composition.  Crystals 
were  always  severely  cracked  and,  in  two  of  the  three  runs,  single¬ 
crystal  growth  broke  down  and  polycrystalline  material  comprised 
several  millimecers  of  the  boule  length  at  the  end  of  r'r.e  charge.  In 
addition,  there  was  a  metallic-appearing  coating  on  portions  of  the 
surface  of  the  charge  (and  in  all  probability  it  was  similar  particles 
that  occurred  as  scattering  centers?  inside  the  boule).  We  tried  to 
remove  enough  of  the  coating  to  obtain  a  powder-diffraction,  pattern 
but  were  not  successful. 

Similar  problems  to  those  described  for  Tl^AsS^  ^5  were 
evident  in  growth  runs  on  melts  of  Tl^AsS^  composition  but  to  a  lesser 
extent.  We  were,  in  fact,  able  to  obtain  an  uncracked  ^ouie  at  room 
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cenperature  (although  it  spontaneously  cracked  after  a  raw  weeks  at 
room  cenperature)  by  regrowing  a  crystal  at  a  slow  growth  rate 
(8  cn/day) .  This  procedure  in  effect  uses  the  first  furnace  pass  as  a  I 

I 

2one  refining  step  for  subsequent  crystal  growtn.  Still,  however,  the 

crystal  contained  I'-^nrous  inclusions.  There  is  a  narked  diminishing 

of  the  netallic  surface  coating  or.  going  fron  raelts  of  Tl^AsS^  Q^.  to 

nelts  of  Tl^AsS^  conposition,  which  indicated  that  we  were  changing 

ccaposition  in  the  right  direction,  i.e.,  that  the  naxinun-neiting 

conposition  for  this  phase  contains  slightly  more  sulfur  than  indicated 

by  the  formula  TI^AsS^.  Our  observation  of  a  thermal  arrest  at  the 

TljAsS^-Tl^AsS^  eutectic  tenperature  <320*C)  in  a  neit  of  conposition 

TljAsS^  supported  this  conclusion. 

Unc racked  crystal  lengths  exceeding  1  cn  were  obtained  for 

crystals  grown  with  sulfur  in  excess  of  the  ideal  conposition, 

and  in  fact  the  boule  was  crack-free  for  Tl-AsS,  .  Excess  sulfur 

3  4 .  ui 

was  present  in  the  crystal-growth  rur.  fron  Tl^AsS^  ^  conposition; 
it  coatco  the  tube  as  a  surfur-rich  liquid  during  growth.  These 
observations  clearly  substantiate  our  phase  diagran  interpretation 
that  the  naxinua-nelting  Tl^AsS^  conposition  lies  siigntiy  toward 
sulfur  fron  the  ideal  fornuia. 

5.3.3  T13AsS3 

The  phase  diagraas  show  that  the  growtn  conposition  is 
critical  for  Tl3AsS3  growth.  This  conpound  is  surrounded  on  all 
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sides  by  eutectics,  and  even  the  slightest  deviation  iron  the  maximum- 
melting  point  viJl  quicidy  result  in  the  celt  reaching  an  eutectic  com¬ 
position  at  the  growing  interface.  Although  we  do  not  yet  know  the 
optimum  composition  for  growing  T 1 ^ As S ^ ,  the  techniques  have  been 
improved  to  an  extent  so  that  single  crystal  sizes  are  now  available 
to  allow  the  measurement  of  the  material  properties- 

Bouies  grown  from  stoichiometric  Tl^AsS^  melts  are  invariably 

polycrystalline.  Results  of  a  scan  at  2.1  ya  of  a  longitudinal  slice 

from  a  recent  boule  indicate  extremely  high  losses  (y  10  cm  *)  near 

* 

the  seed  end,  but  considerably  lower  losses  ('*  1.5  to  2  cm  x)  in  a 

region  near  the  tail  end  of  the  crystal.  These  iosses  are  too  nigh 
for  practical  applications.  The  surface  of  this  crystal  contained 
numerous  bubbles  that  we  interpreted  as  indicating  the  presence  of 
excess  suifur  during  crystal  growth.  Therefore,  the  sulfur  content 
was  reduced  and  an  attempt  made  to  grow  from  a  Tl^AsS^  composition 
melt . 

The  boule  contained  from  the  sulfur-def icient  melt  had 
sections  of  much  higher  optical  quality  than  any  obtained  before.  A 
section  of  single  crystal  0.4  cm  in  length  and  1  cm  in  diameter  was 
obtained  with  losses  on  the  order  of  0.1  to  0.5  cm  L.  Clearly,  this 
optical  quality  is  not  sufficient  for  device  use;  we  were,  however, 
able  to  measure  the  optical  transmission  range  for  the  first  time 
(see  Sec .  6.4). 
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5.3.4 


T1  AsSe 
3  4 

Three  attenpts  were  cade  to  grow  Tl^AsSe^  crystals  frcn  aelts 
having  the  stoichiometric  composition.  In  the  first  two  ef torts, 
only  polycrystalline  saterial  was  obtained,  but  the  third  boule 
contained  a  section  about  1  cn  in  length  that  shewed  relatively  lc*v 
optical  absorption.  Tnis  crystal  was  obtained  late  in  the  program 
so  that  the  only  optical  data  obtained  were  the  wavelezigths  of  optical 
transmission.  The  transmission  range  is  reported  in  Sec.  6.3. 

5.3.5  TlArS2 

Severe  difficulties  arise  in  attempts  to  grow  crystals  cf 
T1AsS2  (and  TlAsSe^)  because  of  the  propensity  of  these  compounds  to 
fora  a  glassy  phase,  we  tried  to  circumvent  the  glassy  phase  of 
T.!AsS2  in  the  following  aanner.  First,  a  T1As$2  glass  was  prepared  by 
rapidly  .hilling  TlAsS2  liquid.  Portions  of  this  glass  were  then 
reloaded  into  a  crystal-growing  tube,  the  tube  was  sealed,  and  the 
charge  remelted.  The  charge  was  then  annealed  for  17  hr  at  173’C, 
during  which  tine  the  TiAsS2  glass  partly  crystallized.  During  tne 
positioning  of  the  c rystal -growth  tube  in  the  growth  furnace,  we  were 
caieful  not  to  entirely  melt  the  charge  so  that  the  crystalline 
nuclei!  present  could  act  as  seeds  for  further  growth.  Two  growth  runs 
were  ixade  on  this  charge  at  12  nr  'day.  In  both  cases  the  boule  was 
polycrystalline.  Large  grains  (I  to  3  a  in  largest  dimension)  were 
present  in  the  boule;  the  fact  that  such  grains  are  never  seen  in 
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crystallized  glass  indicates  that  glass  rendition  did  act  interfere 
.itn  crystal  growth-  Sieg-e  crystals  could  possibly  be  cbtsit-ed  by 
optiaizing  the  related  variibies  of  growth  rate  and  temperature 
gradient,  but  because  of  the  low  crystal  symmetry,  v*  did  not  continue 
efforts  any  further. 

5.3.0  TlArSe-, 

The  technique?  discussed  above  for  TlAsS,  growth  were  J-teo 
tiled  for  tne  crystal  growth  of  TiAs5e_.  We  found,  however,  rival  when 
glasses  of  T LAsSe vers  annealed  in  crystal-growth  tubes  the  tube 
iir-aria'cly  cracju;  and  shatters  —  due  apparently  to  expansion  cf  the 
material  itoor.  solidification.  Direct  sinj.be  crystal  ereveh  free  a 
completely  molten  TlAsue2  charge  vzs  tr lev  but  again  the  grove'e  tube 
shattered  when  the  bouls  was  annea-'rci  in  the  lover  furnace;  the  product 
vas  polycrystal line. 

5.3.?  Il,As(S,3e), 

A  crystal  growth  run  vas  =sadc  on  the  ccmpcs i t ion 

Tl-AsS,  .Se,  .  in  the  solid-solution  series.  The  resultant  boole  vas 
3  1.5  1.? 

polycryscali  ine;  nor eo ever ,  a  change  in  coupes  iticn  occurred  as 
growth  proceeded,  indicating  that  the  separation  of  the  sol idus  and 
liquidus  aiong  the  pseudobinary  join  T3 ^AsS^-Tl-AsSe^  is  sufficient 
so  as  to  seriously  interfere  with  crystal  growth. 


6.  OPTICAL  PROPERTIES  OF  Tl-As-Se-S  COMPOUNDS 


6 . 1  Tl^Asbe^ 

The  detailed  knowledge  of  phase  equilibria  in  the  svstem 
Tl-As-Se  eveloped  through  thermal  analysis  techniques  has  led  to 
the  growth  of  large  Tl^sSf^  crystals  of  excellent  optical  quality. 

Refractive  indices  were  measured  from  1.55  pm  to  10.6  pm  on 
an  oriented  prism  of  Tl^AsSe^  cut  from  Boule  TASE-BR-3»  which  we 
estimated  to  have  the  best  quality.  The  indices  were  measured  by  the 
method  of  perpendicular  incidence  on  a  Gaertner  L-114  spectrometer, 
using  chopped  light  from  a  cungsten  filament,  with  calibrated  narrow 
band  filters  to  select  wavelengths,  and  a  cooled  InSb  detector.  The 
estimated  r "curacy  of  the  me  .ements  is  +  0.003.  The  results  of  the 
refractive  index  measurements  are  shown  in  Fig.  19,  where  they  have 
been  fitted  with  Sellmeier  curves  of  the  type 


For  .  and  n  ,  A,.  *  0.445  pm,  and  A_  *»  20  pm. 

o  e  V  R 

For  n  ,  i\  *  1C.  12  5,  B  *  0.10. 

•->  o  c 

for  n  ,  A  «  8.96,  B  =  -0.G5. 
e  e  w 
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Curve  654491- 


These  indices  are  slightly  larger  than  those  measured  on  our  original 
Tl^AsSe^  samples^;  the  biretr ingence  and  dispersion  have  not  changed 
much,  however,  so  there  has  been  little  change  in  the  phase-matching 
conditions . 

Using  these  slightly  revised  values  for  the  refractive 

indices,  we  have  recalculated  some  of  the  phase  matching  curves  for 

TlnAs5e_.  In  Fig.  20,  we  show  the  phase  match  angle,  6  ,  as  a  function 
J  J  in 

of  wavelength  of  the  fundamental,  Xq,  for  Type-I  phase  matched  second 

harmonic  generation  in  Tl.AsSe_.  We  see  t>.at  6  ranges  from  48°  for 

5  5  m 

A  =  3.0  urn  to  a  minimum  of  about  14.7°  at  11  um.  In  the  10.6  ym 
o 

region,  the  curve  is  relatively  flat,  implying  that  it  should  be 
possible  to  phase  match  the  Type  I  SHG  process  for  the  many  rotational- 
vibrational  transitions  of  a  CO2  laser  at  the  same  angle  in  the  Tl^AsSe^ 
crystal.  The  birefringence  angle,  0,  is  large  so  he  calk-off  losses 
will  be  high. 

In  Fig.  21  are  sho'^  Type  I  phase  matching  curves  for  optical 

parametric  generation,  calculated  on  the  basis  of  the  more  recent 

refractive  index  data.  The  curves  are  slightly  changed  from  our 

original  ones^®;  for  instance,  phase  matching  for  2.1  yra-pumped 

degenerate  optical  parametric  oscillation  at  4.2  ym  is  expected  to 

take  place  at  0^  »  29.7®,  compared  to  our  originally  calculated  value 

of  £•  *=  30.2°.  Curves  for  pumping  at  1.833  ym  (Nd:YAG  laser)  and 

m 

2.795  ye.  (HF  laser)  are  also  shown,  and  the  curves  have  been  extended 
to  near  the  limits  of  transparency  at  18  ym. 
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Fig.  20-Calculated  phase  match  angle  vs.  wavelength  of  fundamental  for  Type  I  Phase-Matched  cecond  Harmonic  Generation 
inUjAsSej  (Crystal  #  TASE- BR- 3) 
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6.2  Tl-.AsSe. 

- J - 4 


The  optical  transmission  of  Tl^AsSe^  is  shewn  in  Fig.  22. 

The  band  edgt  ie  at  .bout  1.15  ym,  and  the  transparency  range  extends 
to  about  17  ym,  alt  ough  two-phonon  absorption  peaks  at  11.6  ym  and 
12.8  ym  reduce  transi.  ission  in  the  region  beyond  10  ym. 

Since  Tl^AsSe^  is  expected  to  be  structurally  similar  to 
Tl^AsS^,  which  is  centric,  Tl^Asbe^  is  not  expected  to  exhibit  piezo¬ 
electric  or  second  order  nonlinear  optical  behavior.  Oriented  samples 
are  being  prepared  for  refractive  index  and  acousto-optic  measurements. 

6.3  TljAsS,, 

As  indicated  in  preceding  sections,  considerable  difficulty 
has  been  experienced  in  growing  single  crystal  Tl^AsS^,  because  of  the 
closeness  of  eutectics  to  Jl^AsS^  in  the  Tl-'s-S  system.  A  small 
section  of  Tl^AsS^  boule  TASS-BR-5,  a  1.07  cm  thick  section  about 
0.5  cm  long  near  the  seed  end,  as  shown  in  Fig.  23,  exhibited  reasonable 
transmission  at  2.1  ym.  A  3.82  mm  thick  piece  of  this  section  was  used 
for  optical  transmission  raeasu'  ements,  with  the  results  shown  in  Fig.  24. 
We  see  that  the  band  edge  of  Tl^AsS^  is  at  about  0.9  ym,  with 
transmission  extending  to  12.5  ym,  although  absorption  losses  of 
0.5  to  1.0  cm  can  be  expected  in  the  10-11  ym  region  because  of 
two-phonon  absorption.  Another  prominent  feature  is  the  band  tail 
extending  from  1  ym  to  about  4  ym,  possibly  a  result  of  scattering  or 
absorption  in  inclusions  of  other  phases  of  the  Tl-As-S  system. 
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2. 1pm  along  an  as -grown  boule  of  Tt,As  S 


The.  position  of  the  band  edge  at  0.9  Mm  is  a  very  promising 


indication  for  Tl^AsS^.  It  implies  the  possibility  that  the  refractive 
indices  and  hence  nonlinear  optical  coefficient  of  Tl^AsS^  lie 
intermediate  between  proustite  (Ag,AsS^>  and  Tl^AsSe^.  For  optical 
frequency  up-conversion  and  mixing  experiments,  this  band  edge  at 
0.9  uta  would  also  allow  us  access  to  the  region  of  S-l  photomultiplier 
sensitivity. 

Unfortunately,  we  were  unable  to  obtain  oriented  prisms 
of  Tl^AsS^  from  the  above  "good"  section  of  the  boule.  Apparently, 
this  section  was  still  poljcryytalline,  since  we  could  not  obtain 
clear  Laue  backscatter  patterns  for  x«-ray  orientation. 

6.4  T1AsS2 

w*  have  indicated  previously  the  difficulty  in  growing  single 
crystal  TlAsS^  because  of  t.s  propensity  to  fona  a  glassy  phase. 

Optical  transmission  measurements  were  attempted  on  some  sections  of 
glassy  TlAsS-y.  but  the  material  was  opaque  in  the  thicknesses  used 
(2-3  toa)  . 

6.5  T1 jAsS, 

The  optical  transmission  of  Tl^AsS^  ranges  from  about 


S  5? 
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7.  PIEZOELECTRIC,  ACOUSTIC,  AND  ACOUSTO-OPTIC  PROPERTIES 


7 . 1  Tl^AsSe^ 

Piezoelectric  tests  were  performed  on  an  oriented  sample  of 

TljAsSe^  cut  from  boule  TASE-BR-2,  The  optical  quality  of  this 

section  was  not  the  best;  optical  losses  at  2.1  were  of  the  order 

of  0.3  cm  Silver  paste  electrodes  were  placed  on  a^faces  [100] 

or  b-faces  [010]  and  these  piezoelectric  elements  were  connected  in 

series  with  a  100X  resistor.  A  variable  frequency  RF  generator 

(HP  651A)  was  connected  across  the  resistor  and  crystal  in  series, 

and  variat'-ons  in  RF  voltage  across  the  head  resistor  for  constant 

applied  voltage  were  monitored  with  an  oscilloscope.  A  frequency 

counter  (GE  1192)  was  used  to  measure  the  crystal  resonance  and 

anr ; resonance  frequencies.  This  technique  is  not  as  sensitive  as  the 

11 

standard  technique  (for  example,  Standard  58  IRE  14.51)  which  involves 
the  use  of  an  admittance  bridge  to  deterni.,-  resonance  and  anciresonance 
frequencies,  but  it  is  sufficiently  accurate  to  provide  Initial 
estimates  of  electromechanical  coupling  factors. 

The  electromechanical  coupling  factor,  k,  of  a  piezoelectric 
material  is  a  dimensionless  factor  ranging  froe  zero  to  one  which 
Indicates  the  efficiency  with  which  mechanical  energy  is  converted  Inco 
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electrical  energy  and  vice  versa.  In  general,  k  depends  on  mode  of 
vibration  and  the  orientation  of  the  crystal;  for  an  efficient  piezo¬ 
electric  material  such  as  lithium  niobate,  k  ranges  from  0.0  to  about 


For  the  crystal  orientations  considered  above,  the  primary 
nodes  excited  are  thickness  shear  modes,  for  which  the  coupling 
coefficient  is  k^.  The  coupling  factor  k^,_  can  be  determined 
experimentally  by  measuring  the  difference  between  the  frequencies  of 
piezoelectric  resonance  and  antiresonance  for  an  oriented  plate  or 
bar  driven  by  an  RF  field  applied  to  electrodes  on  the  crystal  surfaced 
The  effective  coupling  factor  is  related  to  the  resonance  frequency 
(f^)  and  antiresonance  frequency  (f^)  of  the  plate  by  J 

,  f  f 

,2  r,  r. 

hs  ■  li  r> cot  ‘ir1 

a  a 

In  Table  5  are  given  the  frequency  values  as  experimentally  determined 
for  the  strongest  modes  of  an  X-cut  plate  of  Tl^AsSe^,  and  the  coupling 
factors  and  frequency  constant,  N,  determined  from  these  measurements. 
The  frequency  constant  N  is  defined  as  the  product  of  series  resonant 
frequency  and  plate  thickness**,  and  is  related  to  an  effective  elastic 
modulus,  c  for  the  mode,  and  the  crystal  density  o,  by 


N.ft-f  A. 

r  2  p 


F  is  a  numerical  factor  related  to  the  eigenvalue  of  the  mode.  We  can 
get  a  numerical  value  of  c  from  N  and  our  known  value  for  c(»  7.33  gm/cm  ) 
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i 

f 

r 

(kHz) 

1 

C 

L  a 

(kHz) 

ki5x[i  r coc  f 

a  a 

143.301 

148.718 

0.083 

154.2  5  2 

154.565 

0.071 

133.609 

133.793 

0.046 

0  -  0.6 

crystal 


=  f 
(H2-M 


524.99 

546.61 


0.216 

0.234 

0.309 

1.5  -  25  I 


The  Q's  (— )  of  the  two  resonances  for  the  x-cut  case  were 

Av 

about  300  and  110,  respectively. 

in  conparison  with  equivalent  values  tor  a  very  efficient 
piezoelectric  such  as  LiNbG^,  the  values  so  far  determined  for  Tl-AsSe^ 
indicate  that  it  is  not  a  highly  efficient  piezoelectric  material;  if 
Il^AsSe^  is  considered  for  use  as  ac  ultrasonic  transducer,  for  instance 
we  could  expect  efficiencies  of  perhaps  5  to  102,  compared  to  602  in 
LiNbOj.  The  coupling  factors  for  Tl^AsSe,  arc  thus  c-*-  the  saae  order 
of  magnitude  as  those  of  quartz. 

Acoustic  velocity  and  iosn  strtasuressents  were  made  on  a  sample 
of  single  crystal  Tl.AsSe.  using  conventional  puisc-xx ho  techniques, 
with  the  results  :>hevn  in  Table  6.  Longitudinal  wave  velocities  are 
of  the  order  of  2  x  10^  cr./sec,  and  shear  wave  velocities  are  of  the 
order  of  1  x  10"  cc/scc,  with  a  very  slight  dependence  on  shear  wave 


polarization. 


. "*•  . . . 


M2(,ri3AsSe3) 

M2(Si02) 


6  /  3v 

nTl3AsSe3  (pV  Si02 

nSiO,  (pV  ^Tl.AsSe. 

2  3  o 


The  ratio  by  which  the  measured  values  of  the  above  M2's 
depart  from  the  theoretical  vaJues  is  in  itself  a  determination  of  the 
relative  values  of  the  corresponding  photoelastic  coefficients;  thus. 


p23(T13AsSe3>  /150 

P31(Si02)  871 


0.41 


p44(T13AsSe3)  / 510 

P31(Si02)  *  0300 

The  M2  value  of  510  measured  for  shear  waves  is  very  high. 
Of  presently  available  infrared  materials,  only  Germanium  (M2  *  540), 
As2S3  g^ass  ^M2  *  200-300)  end  TljAsS^  (M2  »  338)  are  as  efficient 
as  acousto -optic  modulators. 

7.2  TljAsSj 

Tests  run  on  an  unoriented  3.62  fin  thick  plate  of  Tl3AsS3 
indicated  strong  resonances  at  161  kHz  and  168  kHz.  This  corresponds 
to  sound  velocities  of  about  1.2  x  10^  cm/sec,  which  is  typical  for 
shear  waves  in  sulfosalt  materials.  Coupling  factors  were  not 
measured  at  the  time. 
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Hits  indication  of  piezoelectric  behavior  also  implies  that 
the  structure  of  Tl^AsS^  is  acentric,  and  hence  it  possesses  non-zero 
second  order  optical  nonlinear  susceptibilities  As  indicated 
previously,  crystal  growth  problems  have  prevented  us  from  ob_aining  an 
oriented  single  crystal  section  of  Tl^AsS^  for  refiactive  index  anu 
nonlinear  optical  measurements. 


Acoustic  velocities  and  acousto-optic  figures  of  merit  for 

14 

Tl^AsS^  have  been  reported  previously  in  the  literature.  Longitudinal 
mode  velocities  are  of  the  order  of  2.2  x  10^  cm/sec,  and  shear  mode 
velocities  are  about  1.2  x  10^  cm/s ec.  Acousto-optic  figures  of  merit. 


M2>  range  from  166  to  295  at  3.39  irm. 
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8.  USEFULNESS  OF  Tl-As-S-Se  COMPOUNDS  IN 
OPTICAL  AND  ACOUSTO-OPTICAL  DEVICES 


A 


8.1  Ir troduction 

Conclusions  are  drawn  in  this  section  relative  to  the 
usefulness  of  the  compounds  studied  during  this  contract  for  <  pticai 
and  acousto-optical  devices.  Two  main  types  of  device  application 
are  treated  — 

•  optical  parametric  oscillation 

•  acousto-optical  applications. 

8 . 2  Optical  Parametric  Oscillation 

8.2.1  Desirability  of  a  2  ua-Pumped  Optical 
Parametric  Oscillator  System 

At  present,  tunable  coherent  optical  sources  in  the  3  tc-  5  u» 

spectral  region  are  limited  in  number,  and  their  output  powers  and 

efficiencies  are  very  low.  With  the  frequency-doubled  Nd:YAG  laser- 

pumped  0P0  operating  with  LiNbO^  as  the  nonlinear  material,*'*  the 

3.0  -  3.5  um  spectral  range  can  be  covered,  with  aveiage  power  output 

of  about  5  to  10  rcW,  and  output  pulse  peak  powers  of  the  order  of  80 

to  150  watts.  The  ultimate  efficiency  of  this  system  is  limited;  the 

pump  wavelength  is  G.532  ms,  so  that  the  best  overall  conversion 

efficiency  to  4  um  to  be  expected  for  a  singly  resonant  svstem  is 

0  =  -£  =  — - =  132,  because  the  idler  output  at  1.063  un  is  not 

\  4 

s 
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in  the  3  to  5  urn  region.  Operation  of  this  system  at  wavelengths 

longer  than  3.5  pm  is  impossible  because  of  the  onset  of  intrinsic 

absorption  in  LiHbO^  in  that  spectral  region.  In  a  dye  laser  mixing 

experiment  in  which  a  ruby  laser -pumped  dye  laser  and  the  ruby  laser 

itself  were  mixed  in  a  LilO^  crystal,  Meltzer  and  Goldberg1*’  generated 

outputs  tunable  through  the  4.1  to  5.2  pm  region,  with  peak  powers  of 

the  order  of  100  W.  The  efficiency  of  this  system  is  very  low  because 

of  the  low  inherent  efficiency  of  both  the  ruby  and  dye  lasers. 

Goidoerg  r  has  also  attained  tunable  outputs  in  the  3.8  to  4.2  ym  region 

is  it  singly  resonant  0P0  on  LilO^,  using  a  Nd:YAG  laser  at  1.06  ym  as 

ti.e  pump.  'o.  that  system,  however,  the  output  at  4  ym  was  erratic 

because  LilO^  is  lossy  at  4  ym,  and  pump  nulse  energies  nigh  enough 

to  cause  thermal  .refocusing  and  damage  in  the  LilO^  crystal  were 

required.  Xost  recently,  Hanna  and  his  colleagues  at  the  University  of 

Southampton  jn  England  have  successfully  operated  an  OPO  tunable  laser 

from  l.?:>  to  8,5  ym,  using  proustite  (Ag^AsS^)  as  the  nonlinear  crystal, 

18 

pump’d  ac  J.C6  by  a  Hd:YAG  laser.  teak  powers  of  about  100  *  were 
attained  in  a  bandwidth  cf  about  1  cm  x  at  4.5  ym.  In  this  oscillator, 
the  uicamatr  attainable  conversion  efficiency  would  be  n  »  1.06/4.0 
"  2-,  pov  ic  e<5  is  operated  in  a  singly  resonant  configuration.  The 
tnresnoid  power  density  fu  quoted  by  Hanna  et  al.  as  about  5  MW/cm4; 
th.s  seems  to  bv.  u ni,,sa3ily  low,  even  though  they  experienced  a  round- 
trip  .'''2n.il  loss  of  only  20a  and  used  a  very  short  optical  cavity. 

This  power  density,  U.  correct ,  is  well  below  ti:-'  reported  damage 
it  rf-sholc.  tor  Ag,Asi^,  which  is  about  20  HW/co  nt  l.ufe  ^m. 
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The  threshold  power  densities  observed  by  Hanna  et_  al_.  at 

1.06  ym  in  AgyAsS^  can  immediately  be  used  to  show  that  attempts  to 

develop  a  proustite  (Ag^AsS^)  oscillator  at  2.1  yn  would  not  be  very 

successful.  For  confoca!  focusing,  the  parametric  gam  coefficient  is 

2  3 

inversely  proportional  to  the  cube  of  the  pump  wavelength:  f  <*  1/A 

3 

Thus,  the  gain  would  be  (2.1  um/1.06  um)  *  7.7  times  lower  in  the 

2.1  urn-pumped  system,  bringing  the  required  threshold  at  2.1  um  above 

2 

the  damage  threshold  of  20  MW/cm  .  The  existing  evidence  thus  indicates 

that  a  2.1  um-pumped  OPO  based  or.  AgyV-S^  would  operate  only  erratically 

and  be  severely  limited  by  optical  damage  problems.  A  nonlinear  optical 

materials  with  higher  nonlinear  susceptibility  and  higher  damage  threshold 

than  proustite  is  thus  needed  for  a  2.1  ua-pumped  oscillator.  In  a 

subsequent  section,  we  will  discuss  the  applicability  of  the  higher 

susceptibility  nonlinear  optical  materials  available,  including  Tl^AsSe^. 

Other  techniques  for  attaining  tunable  outputs  in  the 

3  to  5  um  region  may  include  various  pump-tuned  parametric  oscillator's 

or  rbe  mixing  in  an  infrared  nonlinear  crystal  of.  an  infrared  pump  with 

19 

the  tuned  output  of  an  infrared  OPO,  and  dye  laser  mixing  in 
20 

preustire.  While  such  systems  are  still  relatively  inefficient, 

mixing  efficiencies  in  some  cases  car.  be  good. 

8.2.2  Comparison  of  Materials  for  2  um-Pumpad 
OPO  Action:  Advantages  of  Ti^AsSe, 

8. 2. 2-1  Requirements 

Nonlinear  optical  icateriuls  for  parametric  oscillator 


applications  must  meet  xany  requirements. 


among  which  are: 


A.  Transparency  throughout  a  wavelength  region  including 
pump,  signal,  and  idler  wavelengths. 

B.  Reasonably  high  nonlinear  optical  susceptibilities. 

C.  Capability  of  being  phase-matched  for  the  wavelength  range 
of  parametric  operation  desired. 

D.  Optical  damage  thresholds  higher  than  the  power  densities 
needed  for  efficient  parametric  conversion. 

E.  Availability  as  reasonably  large  single  crystals  of  good 
optical  quality. 

A  convenient  method  of  comparing  nonlinear  materials  on  the 

21 

basis  of  requirements  A  and  B  above  was  discussed  by  Harris,  who 

noted  that  in  a  parametric  oscillator  the  conversion  efficiency  is 

2  3 

proportional  to  a  certain  combination  of  materials  parameters,  d  / n  , 

where  d  is  the  effective  nonlinear  optical  susceptibility  of  tne 

materials  for  the  particular  parametric  process,  and  n  is  roughly  an 

average  refractive  index.  Strictly  speaking,  d  may  vary  coLsiderably 

even  for  th  '  same  material,  depending  on  the  process  considered  and 

the  wavelength  regions  Involved;  nevertheless,  the  "figure  of  merit" 

d  /n  gives  a  rough  comparison  of  the  effectiveness  of  various  materials 

2  1 

in  parametric  processes.  Harris  plotted  d  /n'  for  materials  versus 
their  useful  transparency  region,  as  shovn  in  Fig.  25*  We  have  added 
to  Harris'  figure  the  parameters  for  some  recently  developed  materials, 
and  included  some  recent  corrections  to  previously  measured  suscepti¬ 
bilities.  If  we  concentrate  first  on  materials  with  a  2  to  5  wa 
region  of  transparency,  we  see  that  of  those  materials  listed,  this 
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i . *  _ _ 


Fig.  25  —  Optical  paraaetz Ic  figure  of  aerit,  d  /n  ,  and 

transparency  region  for  nonlinear  optical  materials. 


transparency  requireaent  eliminates  KDP,  LiNbO,,  a-hIO-,  Ba,NaNb,0, 
CdGeAs2  and  Te.  LiNbO,  and  Ba2KaNbjO^  actually  are  transparent  to 
about  5  ua;  however,  they  are  too  lossy  in  the  region  above  4.5  pa  to 
be  considered  for  parametric  applications  in  the  entire  4  to  5  pa 
region.  In  addition,  LiNbO^  of  normal  composition  cannot  be  phase 
matched  for  a  2.1  ua  Ho ; YAG  pumped  oscillator;  the  d-coeff icients  of 
these  two  materials  are  also  considerably  lower  than  those  of  some  of 
the  ether  materials. 
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Of  the  remaining  materials,  we  see  that  the  chalcopyrites 

ZaGeFp  and  AgGaS2  appear  to  have  reasonably  large  figures  of  merit, 

although  we  have  calculated  the  figure  of  merit  for  AgG&S^  on  the 

22 

basis  of  the  initially  reports*.!  measurement  of  d(AgGaS-)  a  0.42  d(GaAs), 

23 

which  later  evidence  indicates  might  be  too  high  by  a  factor  of  three. 

We  will  see  below  that  ZnGe?2  is  not  phase  matchable  over  the  entire 
4  to  5  pn  region  for  2.1  ym  pumping,  while  AgGaS,  is  phase  raatcnable 
for  that  process. 

24 

Recent  work  by  Boyd  and  his  colleagues  indicated  that  the 
chaicopyrite  AgGaSe2  has  considerable  promise  as  <i  nonlinear  optical 
material.  It  should  allow  phase-matched  2,1  pa  ■*  4.1  pa  conversion  at 

24 

about  48°  to  the  optic  axis,  and  has  a  high  figure  of  merit  {See 

Fig.  28).  As  is  the  case  with  many  of  the  chalcopyrites,  AgGaSe^  is 

difficult  to  grow  in  useful  crystal  sizes  of  good  optical  quality. 

Eoyd  et  al.  reported  losses  of  the  order  of  4  to  5  ca  over  the  entire 

23 

transparency  range  of  the  crystal.  Recently,  we  have  been  able  to 
grow  AgGaSe2  as  reasonably  large  (0.04  x  0.4  x  0.6  ca)  single  crystals 
of  lower  loss  (a  *  0.5  cm"1  at  2.1  pm).  This  loss  is  still  too  high 
for  use  in  a  parametric  oscillator. 

HgS  and  Se  have  attractively  high  figures  of  merit;  we  have 

calculated  phase  Batching  conditions  for  KgS  (positive  uniaxial, 

Type  II  phase  Batching)  and  find  that  it  does  not  phase  a*atch  for 

2  pm-pumped  degenerate  oscillator  operation  (1  -  2  pa  -  X  -  X  **  4  um) 

p  s  i  u  ' 

at  any  angle.  Although  we  have  not  calculated  phase  matching  conditions 
for  Se,  it  is  positive  birefringent  and  the  birefringence  (%  0.81) 
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appears  to  be  too  large  to  allow  phase  catching  in  the  2  to  5  region. 

Se  and  HgS  have  also  been  extremely  hard  to  grow  as  usable  size 

crystals  of  good  optical  quality. 

CdSe  is  an  attractive  material  from  the  point  of  view  of  the 
2  n 

nonlinear  figure  of  merit  d  In',  and  availability  in  crystals  of  good 

quality  and  size;  unfortunately,  as  we  shall  see,  it  does  not  phase 

match  properly  for  2.1  pm-pumped  oscillation  in  the  4  to  5  un  region, 

although  it  has  been  useful  for  oscillation  in  the  2.0  to  2.3  pm  and 

25 

9  to  13  pm  regions  when  pumped  with  a  1.833  um  source. 

The  sulfosalt  materials  Tl^AsSe^,  Ag^AsS^,  and  Ag^SbS^  all 
appear  to  be  phase  natcha’ole,  as  va  will  see  below.  Tl^AsSe^  has  the 
highest  figure  of  merit  and  sliould  provide  the  lowest  threshold  of  all 
of  the  materials  considered  in  this  discussion. 

LiiO.,  is  also  phase  matchabie  for  the  2.1  pm  pumped  parametric 
oscillator  process,  and  its  transparency  region  extends  to  5  pn, 
although  there  is  a  small  absorption  band  for  the  ordinary  ray  near 
4.2  „a  which  could  cause  some  difficulty.  The  fact  that  the  nonlinear 
susceptibility  of  LilO^  is  much  lower  than  the  above  materials  means 
that  very  high  pump  power  densities  will  be  required  to  reach  the 
oscillator  threshold  if  LilO^  is  used. 

Details  of  the  phase  matching  considerations  are  given  in 
Section  8. 2. 2. 2;  in  Section  8. 2. 2. 3  we  will  summarize  all  of  the 
materials  considerations. 
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8. 2. 2. 2  Phase  Matching  Considerations 


(i)  Chalcopyr ites 

ZnGe?2  is  very  attractive  from  the  point  of  view  of  its 

transparency  and  high  nonlinear  optical  figure  of  nerit,  hut  unfertunat 

26 

the  refrative  index  data  of  Boyd  indicate  that  a  2.1  „m  punp  cannot 
he  p'nase-catched  efficiently  to  parametrically  generate  radiation 
anywhere  between  3.4  ya  and  5.8  yn,  although  the  2.1  to  3.4  yn  and 
5.8  to  12  ja  regions  should  be  accessible  with  a  2.1  tn  pump  (Fig.  26). 
lr.  addition  to  this  prooless,  the  state  of  the  art  in  growing  ZnGe?^ 
is  not  very  satisfactory;  for  soce  as  yet  unknown  reason,  the  band  edge 
extends  into  the  2  region,  producing  unacceptable  loss  (as  high  as 
a  .  _w  cn  *)  for  the  puap  radiation.^ 

23 

AgGaS^ ,  according  to  recent  neasurenents  of  Boyd  et  al . , 

is  phase  aatchible  (Type  I,  0  +  0  -  e)  for  2.1  un  punped  oscillation 

into  the  4  to  5  un  region,  at  about  30.5*  to  the  optic  axis  (Fig.  27). 

Unfortunately,  AgGaS^  in  its  present  state  of  developaent  also  exhibits 

large  losses  (*  1.0  cn  ")  at  2.1  and  about  1  cn  in  the  4  to  5  ub 

region.  The  losses  are  partly  due  to  absorption  and  partly  cue  to 

scattering  m  cracks  and  voids  in  the  aaterial. 

AgGaSe^  should  be  pliase  natc'nabie  for  2.1  yc  -  4.1  n 

frequency  conversion,  as  we  nay  see  froe  Figs.  23  and  29,  which  are 

24 

reproduced  iron  the  piper  of  Boyd  et  al.  on  ternary  sciences . 
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Figure  26  —  Three-frequency  phase  natching  for  ZnGeP2  indicating 

and  v2  (or  wavelength  a  3  and  X2)  vs  the  punp  frequency 
•v>3  (or  wavelength  X3).  (Ref.  26). 
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Figure  27  —  Type-1  <0  +  o  -  e)  three-frequency  phase  natching  for 
AgGaS2,  indicating  73  and  >.£  versus  pimp  frequency  .3 
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Figure  ?8  —  Type-1  (o  +  o  *  e)  c hr ee-f requeue y  phase 
natchlng  for  AgGaSe2*  ir\d  icatir.g  and  v 
versus  ptrsp  frequency  V3  (lower  right)  or 
X\  and  i 2  versus  *3  (upper  left). 

(Ref.  24). 


(ii)  CdSe 


A  phase  matching  cv.  ve  for  CdSe  pumped  at  2.06  um  is  shown 
27 

in  Fig.  30.  The  curve  was  calculated  with  pumping  by  .-iorSOAP 

(•  *  2.06  uni)  in  mind,  but  the  general  features  will  ncc  be  much 

P 

different  for  Ho:YAC  pumping  (\  =  2.098  um) .  The  3.1  to  6.4  region 

is  completely  inaccessible  for  phase-matched  parametric  conversion. 

An  interesting  feature  is  that  90  deg  phase  matching  of  conversion  of 

2.1  „ta  radiation  to  3.05  un  and  6.40  um  radiation  should  be  possible, 

which  implies  very  low  thresholds  for  this  process.  Aiso  note  that 

large  angle  phase  catching  for  conversion  and  continuous  tuning  in  the 

2.5  to  3.0  pc  and  6.4  to  13  um  regions  is  possible  in  CdSe  pumped  at 

2  _ra.  Since  n  -n  >0  (positive  birefringence).  Type  II  (e  0  +  e) 
c  o 

phase  matening  is  required . 

25 

Byer  and  Herbst  have  made  use  of  these  excellent  properties 
of  CdSe  by  constructing  a  tunable  CdSe  oscillator  with  outnuts  in  the 

2.2  to  2.3  jin  and  9  to  13  um  region. 

(iii)  The  Sulfosalt  Materials 

27 

Figures  31  and  21  show  phase  matching  curves  for  proust ite 

27 

(Ag^AsS^)  and  thallium  arsenic  selenide  (Tl^AsSe^).  We  nave  not 

calculated  curves  for  Ag^SbS^  but  we  expect  thee  to  be  somewhat  like 

those  of  Ag^AsS^  (the  refractive  index  data  indicate  that  phase- 

matched  degenerate  operation  with  “  2.1  um  will  occur  in  AgySbS^ 

28 

at  an  angle  of  about  27  deg  to  the  crystal  c-axis).*- 
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***  **  * 


Figure  30  —  Theoretical  tuning  curve  for  optical  parametric  oscilla¬ 
tion  in  CdSe,  for  a  pump  wavelength  \p  »  2.06  u*.  (Ref.  27) 


Figure  31  —  Theoretical  tuning  curves  for  optical  parametric  oscilla¬ 
tion  in  proust ite  (AgjAsS^),  pump  wavelength  1 p  a 
parameter.  (Ref.  27). 
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Figure  31  illustrates  that  phase-aatched  tunable  oscillatiun 
for  a  2.1  u«  pump  in  A^AaS^  will  occur  at  phase  natch  angles  of  16.5 
to  15.5  deg;  the  steep*  »ss  of  the  curve  also  indicates  that  the  tuning 
with  angle  will  be  very  rapid.  The  birefringence  angle  a,  which  Units 
the  effective  length  of'  the  crystal  for  a  given  beaa  spot  size,  is 
2.89  deg  at  2. 1  pm. 

Phase  natching  curves  for  Tl^AsSe^  (Fig.  21)  indicate  that 
phase  Batching  shouiu  occur  for  2.1  uta  punping  at  angles  of  30  to 
24  deg.  The  birefringence  angle,  .  ,  is  about  the  sane  as  for  Ag^AsS^. 
Again,  the  steepness  of  the  tuning  curve  for  2.1  »c  puuping  implies 
that  rapid  tuning  with  angular  displacement  will  be  possible.  However, 
this  also  iapl ies  that  a  large  oscillator  bandwidth  will  result. 

(iv)  LiI03 

2? 

Figure  32  shows  tuni.w,  curves  calculated  for  L1IO-.  LilO^ 

is  sutchable  for  a  2.1  va  puaped  oscillator,  but  the  idler  wavelength 

cones  close  to  the  absorption  edge;  this  nay  present  probiers  in  the 

4,5  to  5.0  wa  region.  The  tuning  curve  is  also  very  steep,  as  was  the 

case  for  Tl^AsSe^  and  Ag^AsS^.  The  birefringence  angle  a  is  also  larger 

for  Li 10 ^  than  for  TljAsSe^,  3.7a  deg  as  against  2.98  deg.  The 

2 

parametric  gain  is  roughly  proportional  to  1/p  for  a  wide  range  of 
focusing  conditions,  thus  the  parametric  gain  in  Tl^AsSe^  will  he  oyer 
502  greater  than  in  Li  10 ^  due  to  this  factor  alone.  An  even  greater 
advantage  of  Tl^AsSe^  over  LilOj  is  the  fact  that  the  nonlinear  optical 
coetficient,  d,  of  Tl^AsSe^  Is  about  seven  tiaes  larger  than  that  of 


.J  —  .  JIU 
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Figure  H  -•-  Theoretical  tuning  curve*  for 
optical  pacuM-trlc  oscillation 
in  LHO3,  wavelength  ip 

a  parameter  (Ref.  27). 
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d  —  Properties  of  Candidate  Nonlinear  Optical  Materials  for 

2.1  urn  Pumped  Parametric  Oscillation  in  the  A  to  5  um  Region 


Assumes  d(AgCaS.)  -  0.A2  d(CaAs),  which  may  be  a  factor  of  3  too  high 


LilO^;  Che  data  of  Fig.  3?  imply  chat  the  gain  per  unit  pump  power  In 

TljAsSe^  should  he  at  least  30  t  lacs  higher  than  that  in  a  sample  of 

2 

Lil0.j  of  the  same  length,  not  even  including  the  1/p  factor  above. 
8.2.2. 3  Summary  of  Survey  Results 

Table  8  summarizes  the  results  of  the  preceding  surveys, 
including  only  those  materials  exhibiting  reasonable  transparency 
throughout  the  entire  2  to  5  us.  region.  The  summary  shows  that,  of  the 
phase  matchable  materials,  Tl^AsSe^  and  AgCaSe2  possess  by  far  the 
largest  figures  of  merit.  Of  these  two  potentially  useful  materials, 
only  Tl^AsSe^  is  available  as  good  quality  single  crystals  of  large 
size,  its  most  serious  rival  is  probably  LilO^,  which  is  a  factor  of 
30  worse  in  figure  of  merit,  but  better  by  the  same  factor  of  30  from 
point  of  view  of  damage  threshold;  LilO^,  however,  may  also  be  somewhat 
lossy  near  S  us,  which  would  degrade  oscillator  performance. 

8.3  Acousto-Optic  Devices 

8.3.1  Acousto-Optic  Modulators 

The  high  acous to-opt ic  figure  of  merit  and  relatively  low 

optical  and  acoustic  losses  observed  in  Tl-As-S.be  compounds  all 

indicate  that  these  materials  should  be  very  useful  as  low-drive  power 

acousto-optic  modulators  and  beam  scanners  for  infrared  sources.  In 

the  following,  we  calculate  some  acoustic  drive  power  requirements 

and  other  system  character  1st ics  for  such  applications. 

6. 3.1. I  External  Modulation  at  1.06  un 

The  fraction  I/I^  of  incident  light  intensity  iQ  which  is 

2B 

deflected  by  a  grating  generated  oy  an  acoustic  wave  is  given  by 
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sin 
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(l) 


where  ij  is  the  anplitude  of  the  grating,  and  's  related  to  the 
applied  acoustic  power  P  by 

nt* 


?  /1-t, 

f  **  *  i  * 


,  2  H  M2  PAC 


(2) 


Here,  L/H  is  the  ratio  of  the  acoustic  beaa  length  to  its  height,  and 
is  usually  close  to  unity.  The  figure  of  Merit,  as  ve  have  previously 
noted,  is 

6  2 

M  .  n  2- 

H2  3  ’ 

jv 

where  n  is  the  refractive  index  at  the  vacuum  wavelength  of  the 
incident  optical  bean,  p  is  the  relevant  photoeiastic  coefficient,  o 
the  density,  and  v  the  sound  velocity  in  the  Material.  For  fused  SiC^, 
M2  *  1.51  *  10  secVgM. 

For  the  case  of  external  Modulation  of  a  1.06  as  beaa,  ve 
aay  use  the  above  results  to  calculate  the  acoustic  drive  power 
requirement.  We  consider  the  requireaent  for  deflecting  all  of  the 
incident  power  out  of  the  bean,  i.e.,  1002  Modulation.  Then, 


2  2 


P  .ill! 

AC  2M2  L  * 


or 


PAC  *  £}i~  *or  H  *  L,  which  is  the  usual  case. 


(3) 
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With  the  value  of  M2  for  fused  Si(>2  given  above,  Eq ,  (3) 

yields  a  drive  power  requirement  of  372  wacts.  External  modulation 

at  100X  at  1.06  vm  using  SiC>2  is  therefore  out  of  the  question.  With 

Tl^AsS^  as  the  modulator  material,  however,  the  drive  power  requirement 

will  be  reduced  from  this  by  a  factor  of  200  to  300,  since  the  figure 

29 

of  merit  of  Tl^AsS^  is  this  much  larger  than  that  of  SiC^  near  1  urn. 

The  required  acoustic  drive  power  with  Tl^AsS^  will  thus  be  only 
about  1  to  2  waits,  depending  on  which  pholoelastic  coefficient  is  used 
such  acoustic  powers  are  teadilv  generated  in  solfosait  crystals  by 
conventional  techniques.  For  modulation  at  wavelengths  longer  than 
about  1.3  at,  interaction  with  shear  waves  in  Tl^AsSe^  becomes  the 
configuration  of  choice,  since  the  figure  of  merit  M2  is,  as  seen  in 
Sec.  7.1,  about  300,  which  is  even  larger  than  that  of  Tl^AsS^. 
Germanium,  another  competitor,  does  not  transmit  below  2  „n . 

8. 3. 1.2  Internal  Modulation  and  Q-Svitching  at  1.06  „m 

For  Q-switching,  the  considerations  are  the  same  as  those 
above,  except  that  the  amount  of  light  deflected  by  the  modulator  now 
only  needs  to  equal  ttu  amount  by  which  sirgle-pass  gain  in  the  laser 
rod  exceeds  its  threshold  value.  For  a  typical  Kd:YnC  system  operating 
with  up  to  a  few  watts  output,  the  gain  per  single  pass  ranges  from 
5 l  to  132.  Let  us  assume  that  the  modulator  oust  deflect  about  102 
of  the  incident  light.  Again,  from  Eqs.  (1)  and  (2),  we  find,  for 
the  required  acoustic  power  to  Q-- switch  a  Md:YAG  laser. 

I’  ^  •  13.3  watts  for  Sic^ 
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P  ^  *  0.05  to  O.Od  watts  for  Tl^AsS 


Taking  into  account  the  coupling  efficiencies  of  the  acoustic  transducers 
which  would  be  neeCed,  «j  LinbO^  transducer  should  proviue  coupling 
efficiencies  ranging  free  202  to  502,  depending  on  the  node  desired. 

A  reasonable  estinate  for  the  range  of  total  power  required  froa  the 
KF  generator  to  provide  high  data  rate  Q-svitching  would  be  100  aiilivatts 
to  400  ailliwatts,  if  Tl^AsS^  were  used  as  the  eodulatcr  cater  la 1 . 

Since  the  acoustic  loss  in  Tl^AsS^  is  only  about  1  oft/ ..sec  at  400  MHx, 

0- suite bed  pulse  data  rates  of  at  least  500  Xfi/sec  should  be  readily 
attainable  with  less  tnan  0.5  watts  average  of  RF  drive  power.  Mode¬ 
locking  of  a  continuous  NdrYAG  laser  will  also  be  possible  using  this 
technique;  even  lower  RF  drive  powers  will  be  needed  for  that  applica¬ 
tion,  because  when  the  aodulstion  frequency  is  set  close  to  t tie  laser 
cavity  longitud inal  node  frequency  interval,  a  aucr.  smaller  loss 
perturbation  than  1002  is  sufficient  to  cause  node  locking. 

Sinilarly,  modulation  of  the  laser  with  an  internal  Tl^AsS^ 
•xrousto-optlc  noduiator  would  require  much  less  power  than  the  1  to 
2  watts  calculated  above  tor  external  modulation. 
b.3.2  electronical i>  'tunable  Intrareo  Acousto-Optic  Filters 

For  crystals  of  the  triciinic  and  nonoclinic  systees,  as  well 
as  tor  tiwse  in  point  groups  4,  4,  4/n,  3,  1,  3c,  3r.  jnu  6,  6.  6/a,  an 
acoustic  vi v i  traveling  collinea.lv  with  a  tight  wave  can  diffract  a 
portion  of  the  lig.it  trea  its  original  polarization  into  an  orthogonal 
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polarization.  This  scattering  process  is  emulative  along  the  path  of 
the  beaas  in  the  crystal  only  provided  that  titc  acoustic  frequency  is 
adjusted  so  that  the  nagnitude  of  the  acoustic  wave  vector,  sal,  equals 
t he  nagnitude  of  the  difference  between  the  wave  vectors  correspond ing 
to  the  optical  e-ray  and  o-ray,  i.e.. 


|  k  |  «  ,  k.  -  k  j 
a  e  o 

There  is  thus  a  one-to-one  correspondence  between  the  trequency  of  the 

lignt  whicn  experiences  this  emulative  polarization  rotation  and  the 

frequency  of  the  applied  acoustic  wave.  This  effect  was  used 

successfully  by  Harris  and  his  co-workers  to  construct  electronically 
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tunable  narrow  band  tilters  using  LiXbOj  and  CaJiotK. 

3* 

It  can  be  shown  ~  that  the  acoustic  power  density  ?  /A 

A 

required  to  obtain  theoretical  lOGi  peak  transmit tance  of  a  filter  of 
length  L  is  given  by 


\  3P  < 

o  e  ij 


2  1 
2L  2M2L 


<*) 


wnere  *  is  the  optical  wavelength  at  the  peak  of  the  filter  transeission, 

°  nV 

and  M2  *  ~ — j-  *s  the  acousto-optic  figure  of  ceric  watch  we  nave 

;vJ 


discussed  previously.  The  important  tnlngs  to  note  in  Lq.  (4)  are 

Chat  the  required  acoustic  power  density  increases  rap.diy,  as  the 

square  of  the  optical  wavelength,  and  tliat  this  required  power  density 

decreases  as  the  aateriai  icousto-opt ic  figure  of  nerit  increases. 

With  pre*=**ntlv  available  .  ousto-optic  materials  such  as  Pb’toO, 

-• 

Ca*5oO.  am.  Lififco,,  the  use  o:  such  fi.ters  is  restricted  to  wavelengths 
—  i 
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shorter  than  about  3  am  by  two  sa lerials  problecs;  the  first  is  the 
tact  that  these  oxides  transsit  only  out  to  about  4.5  am,  and  the 
second  is  the  fact  that  tueir  acousto-optic  figures  of  r.erit  are 
still  so  ssall  chat  enormously  high  acoustic  power  densities  are 
required  at  the  longer  wavelength.  As  as  exaaple,  let  us  consider 
comparing  TI^AsSe^  ana  one  of  these  new  oxide  Materials,  CahoO^,  la 
this  application,  assuming  we  wish  to  achieve  tuning  in  Che  3-5  .-a 
region.  CuSoO,  exhibits  considerable  absorption  loss  in  the  region 
4-5  urn,  while  TljAsSe^  losses  are  only  about  0.02  ca  *  in  this  region, 
but  tie  power  density  cequlreaent  is  even  a  aor*  severe  Ifeltatiea 
for  CaHo©. ,  as  we  will  see.  The  figure  of  merit  3*-  of  CaHcO,  is 
Hy  •  33.3  *  10*lb  see'  Vg».  Assuming  that  ve  have  2  «  Jong  crystals, 
Eq.  (4)  above  yield*  for  the  required  acoustic  power  densities  for 
100S  transmission  at  a  peak  wavelength  of  4  .t, 

p 

A  icdfeo  i  2 

—  4'  ■  ofcO  watts/ ea*  ;  tor  Ti~AsSe„  we  fine 

A  j  j 


r*  3  3  “  a.s  vatt*/«t  #  mats  assssses 

«» 

Jijt.Tl jAsbe^)  *  150  J*?(SiO..)  as  in  Table  6. 


The  TljAsSOj  col linear  acousto-optic  filter  at  4  „n  would  thus  require 

seventy  t  toes  lower  paver  density  than  the  Calks filter  at  4  am,  Using 

the  theory  first  wrkw  ou t  by  karris,  we  can  show  that  this  2  ca 

long  TljAsSe^  filter  would  have  an  acceptance  angle  of  about  200  sllli- 

* 

radians,  a  bandwidth  of  about  40  A,  and  would  require  aa  acoustic  drive 
frequency  of  about  100  IMr  at  4  am.  Acoustic  losses  ot  ICO  Mtz  is 
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TljAsSe^  are  equal  to  or  less  titan  0.5  d3/wsec  for  longitudinal  waves, 
which  would  be  used  for  this  filter  configuration.  Since  the  velocity 
of  longitudinal  waves  is  about  2  x  IQ3  cn/sec,  the  total  acoustic  loss 
down  the  2  cn  long  filter  will  be  only  about  5  d§,  which  should  be 
quite  tolerable. 

TiytsSe^  is  thus  a  very  attractive  candidate  as  a  tutorial 

for  use  in  infrared  tunable  acousto-optic  filters. 

Hater iais  which  do  not  belong  to  the  proper  point  group  to 

be  used  as  col linear  acousto-optic  filters  can  nevertheless  be  used 

34 

in  a  **noncoll  inear"  filter  configuration^  with  so&evhat  greater 
restrictions  on  the  acceptance  angle.  >oe  high  acousto-optic  figures 
of  nerit  of  Il^AsS^  and  ether  new  and  promising  sulfosalt  single  crystals 
such  as  Tl-jPSe^  and  TljAsSe^  will  aake  the*  very  useful  in  such 
noncollinear  acousto-optic  filter  applications,  even  though  they  do 
not  possess  the  proper  svnaetry  to  be  used  in  the  coll z near  configuration. 


9.  CONCLUSIONS 


Two  important  conclusions  have  been  reached  on  the  basis 
of  work  performed  during  this  program.  These  are  as  follows. 

1.  Phase  diagram  studies  are  essential  to  understand 
observed  features  of  the  crystal  growth  of  complicated  ternary 
compounds  such  as  the  Tl-As-S-Se  compounds  investigated  during  this 
contract.  We  have  demonstrated  that  dramatically  improved  crystal 
quality  results  from  systematic  pnase  diagram  studies  conducted  within 
the  context  of  crystal  growth. 

2.  The  ternary  compounds  in  Tl-As-S  ana  Tl-As-Se  chemical 
systems  represent  a  class  of  compounds  that  show  consiaerable 
potential  as  single-crystal  materials  for  optical  and  acousto-optical 
devices.  The  work  performed  during  this  contract  represents  an 
essential  foundation  for  future  studies  of  these  materials  in  devices. 
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